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Abstract
Given the increasing number of experimental data, together with the precise mea-
surement of the properties of the Higgs boson at the LHC, the parameter space of
supersymmetric models starts to be constrained. We carry out a detailed analysis of
this issue in the framework of the µνSSM. In this model, three families of right-handed
neutrino superfields are present in order to solve the µ problem and simultaneously
reproduce neutrino physics. The new couplings and sneutrino vacuum expectation
values in the µνSSM induce new mixing of states, and, in particular, the three right
sneutrinos can be substantially mixed with the neutral Higgses. After diagonalization,
the masses of the corresponding three singlet-like eigenstates can be smaller or larger
than the mass of the Higgs, or even degenerated with it. We analyze whether these
situations are still compatible with the experimental results. To address it we scan the
parameter space of the Higgs sector of the model. In particular, we sample the µνSSM
using a powerful likelihood data-driven method, paying special attention to satisfy the
constraints coming from Higgs sector measurements/limits (using HiggsBounds and
HiggsSignals), as well as a class of flavor observables such as B and µ decays, while
muon g − 2 is briefly discussed. We find that large regions of the parameter space of
the µνSSM are viable, containing an interesting phenomenology that could be probed
at the LHC.
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1 Introduction
The measurements of the properties and signal rates of the discovered scalar boson at the
LHC [1,2], indicate that it is compatible with the expectations of the Standard Model (SM).
Besides, no hints for new physics have been detected yet despite of numerous searches and
tremendous efforts of the experimental collaborations. As a consequence, extensions of
the SM such as low-energy Supersymmetry (SUSY) are being severely constrained, namely
the parameter space of SUSY models is shrinking considerably. This renders the detailed
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analyses of Higgs properties, signal rates and couplings to SM particles as important as the
search for new particles.
Concerning the latter, the search of SUSY particles has been focused mainly on signals
with missing transverse energy inspired by R-parity conserving (RPC) models, such as
the Minimal Supersymmetric Standard Model (MSSM) [3–6]. There, significant bounds
on sparticle masses have been obtained [7], especially for strongly interacting sparticles
whose masses must be above about 1 TeV. Less stringent bounds of about 100 GeV have
been obtained for weakly interacting sparticles, with the bino-like neutralino basically not
constrained due to its small pair production cross section. Qualitatively similar results
have also been obtained in the analysis of simplified R-parity violating (RPV) scenarios
with trilinear lepton- or baryon-number violating terms [8], assuming a single channel
available for the decay of the LSP into leptons. However, this assumption is not possible in
other RPV scenarios, such as the ‘µ from ν’ supersymmetric standard model (µνSSM) [9],
where the several decay branching ratios (BRs) of the lightest supersymmetric particle
(LSP) significantly decrease the signal. This implies that the extrapolation of the usual
bounds on sparticle masses to the µνSSM is not applicable. For example, it was shown
in Refs. [10, 11] that the LEP lower bound on masses of slepton LSPs of about 90 GeV
obtained in trilinear RPV [12–17] is not applicable in the µνSSM. For the bino LSP,1
only a small region of the parameter space of the µνSSM was excluded [22] when the left
sneutrino is the next-to-LSP (NLSP) and hence a suitable source of binos. In particular,
the region of bino (sneutrino) masses 110− 150 (110− 160) GeV.
Concerning Higgs physics, the µνSSM expands the singlet superfield of the NMSSM [23,
24] to three right-handed neutrino superfields [9,25]. In the NMSSM, various works, using
different methods (see e.g. [26–32]), have been dedicated to sample the parameter space
in the light of a given set experimental data, and vast regions have been explored. In
this work, we use a powerful likelihood data-driven method based on the algorithm called
MultiNest [33–35] for sampling the Higgs sector of the µνSSM. Since three families of
right-handed neutrino superfields are present in the model in order to solve the µ problem
and simultaneously reproduce neutrino physics, the new couplings and sneutrino vacuum
expectation values (VEVs) produce a substantial mixing among the three right sneutrinos
and the doublet-like Higgses. Although a detailed analysis of this sector was performed in
Ref. [25], finding viable regions that avoid false minima and tachyons, as well as fulfill the
Landau pole constraint, it was carried out prior the discovery of the SM-like Higgs boson,
and therefore the issue of reproducing Higgs data was missing. In Ref. [21], this issue was
taking into account to perform an analytical estimate of all the new two-body decays for the
SM-like Higgs in the presence of light scalars, pseudoscalars and neutralinos. More recently,
in Refs. [36, 37], in addition to performing the complete one-loop renormalization of the
neutral scalar sector of the µνSSM, interesting benchmark points (BPs) with singlet-like
eigenstates lighter than the SM-like Higgs boson were studied.
Given the increasing data including the properties of the SM-like Higgs and the exclusion
limits on scalars from extended Higgs-sneutrino sectors provided by the combined 7-, 8- and
13-TeV searches at the LHC, and also by other results such as flavor observables, it appears
relevant to re-investigate the µνSSM parameter space to simultaneously accommodate this
new scalar and its properties, the exclusion limits and to explore the phenomenological
1The phenomenology of a neutralino LSP was analyzed in the past in Refs. [18–21].
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consequences respecting various experimental results. To carry this out, the likelihood
data-driven method used in our analysis presents advantages over traditional ones such as
those based on random grid scans or chi-square methods, since it is much more efficient
in the computational effort required to explore a parameter space. Also, since it uses a
Bayesian approach, it allows to take easily into account all relevant sources of uncertainties
in the likelihood. In addition, given the accumulation of data from various experimental
collaborations, this method provides a convenient approach to qualitatively explore beyond
standard models compared to simplified methods.
The paper is organized as follows. In Sec. 2, we will briefly review the µνSSM and
its relevant parameters for our analysis of the Higgs sector. This sector will be studied in
detail in Sec. 3, where the mixing among doublet-like Higgses and right and left sneutrinos
will be explained. We will pay special attention to accommodate the correct mass of
the SM-like Higgs, depending on the values of the couplings λ among right sneutrinos
and doublet-like Higgses, and the masses of the singlet-like eigenestates. Subsequently,
in Sec. 4 we will discuss the strategy that we will employ to perform scans searching for
points of the parameter space of our scenario compatible with current experimental data on
Higgs physics, as well as flavor observables. The results of these scans will be presented in
Section 5, and applied to show that there are large viable regions of the parameter space of
the µνSSM. Our conclusions and prospects for future work are left for Section 6. Finally,
useful formulae, figures, and BPs are given in the Appendices. In Appendix A, the Higgs-
right sneutrino mass submatrices are written. In Appendix B, results from the λ−κ plane
are shown for different values of the other parameters, using several figures for each scan
performed. In Appendix C, several BPs showing interesting characteristics of the model
are given.
2 The µνSSM
The µνSSM [9, 25] is a natural extension of the MSSM where the µ problem is solved
and, simultaneously, the neutrino data can be reproduced [9, 25, 18, 19, 38, 39]. This is
obtained through the presence of trilinear terms in the superpotential involving right-
handed neutrino superfields νˆci , which relate the origin of the µ-term to the origin of neutrino
masses and mixing angles. The simplest superpotential of the µνSSM [9,25,40] with three
right-handed neutrinos is the following:
W =
∑
a,b
∑
i,j
ab
(
Yeij Hˆ
a
d Lˆ
b
i eˆ
c
j + Ydij Hˆ
a
d Qˆ
b
i dˆ
c
j + Yuij Hˆ
b
u Qˆ
a
i uˆ
c
j
)
+
∑
a,b
∑
i,j
ab
(
Yνij Hˆ
b
u Lˆ
a
i νˆ
c
j − λi νˆci HˆbuHˆad
)
+
∑
i,j,k
1
3
κijkνˆ
c
i νˆ
c
j νˆ
c
k , (1)
with a, b = 1, 2 SU(2)L indices with ab the totally antisymmetric tensor 12 = 1, and
i, j, k = 1, 2, 3 the usual family indices of the SM.
The simultaneous presence of the last three terms in Eq. (1) makes it impossible to assign
R-parity charges consistently to the right-handed neutrinos (νiR), thus producing explicit
RPV (harmless for proton decay). Note nevertheless, that in the limit of neutrino Yukawa
couplings Yνij → 0, νˆci can be identified in the superpotential as pure singlet superfields
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without lepton number, similar to the singlet of the NMSSM, and therefore R parity is
restored. Thus, Yν are the parameters which control the amount of RPV in the µνSSM,
and as a consequence this violation is small since the size of Yν <∼ 10−6 is determined by
the electroweak-scale seesaw of the µνSSM [9, 25].
The tree-level neutral scalar potential V = Vsoft + VF + VD, receives in addition to the
usual D- and F -term contributions that can be found e.g. in Refs. [25, 40], the following
contribution from the soft SUSY-breaking Lagrangian:
Vsoft =
∑
i,j,k
(
Tνij H
0
u ν˜iL ν˜
∗
jR − Tλi ν˜∗iRH0dH0u +
1
3
Tκijk ν˜
∗
iRν˜
∗
jRν˜
∗
kR + h.c.
)
+
∑
i,j
(
m2
L˜ij
ν˜∗iLν˜jL +m
2
ν˜ij
ν˜∗iRν˜jR
)
+m2HdH
0
d
∗
H0d +m
2
HuH
0
u
∗
H0u. (2)
If we follow the assumption based on the breaking of supergravity that all the trilinear
parameters are proportional to their corresponding couplings in the superpotential [41], we
can write
Tνij = AνijYνij , Tλi = Aλiλi, Tκijk = Aκijkκikj, (3)
and the parameters A substitute the T as the most representative. We will use both type of
parameters in our discussions. It is worth noticing here that we do not use the summation
convention on repeated indices throughout this work.
The soft terms of Eq. (2) induce the electroweak symmetry breaking (EWSB) in the
µνSSM. The minimization equations, with the choice of CP conservation,2 can also be
found in Refs. [25, 40]. For neutral Higgses (H0u,d) and right (ν˜iR) and left (ν˜iL) sneutrinos
defined as
H0d =
1√
2
(
HRd + vd + i H
I
d
)
, H0u =
1√
2
(
HRu + vu + i H
I
u
)
, (4)
ν˜iR =
1√
2
(
ν˜RiR + viR + i ν˜
I
iR
)
, ν˜iL =
1√
2
(
ν˜RiL + viL + i ν˜
I
iL
)
, (5)
the following vacuum expectation values (VEVs) are developed:
〈H0d〉 =
vd√
2
, 〈H0u〉 =
vu√
2
, 〈ν˜iR〉 = viR√
2
, 〈ν˜iL〉 = viL√
2
, (6)
with viR ∼ TeV whereas viL ∼ 10−4 GeV. The latter result is because of the contributions
proportional to Yν to the viL minimization equations. They enter through VF and Vsoft
(assuming Tν as in Eq. (3)), and are small due to the electroweak-scale seesaw mentioned
before that determines Yν <∼ 10−6. Note in this respect that the last term in the super-
potential (1) generates dynamically Majorana masses for the right-handed neutrinos ∼
TeV:
Mij =
∑
k
2κijk
vkR√
2
. (7)
2The µνSSM with spontaneous CP violation was studied in Ref. [38].
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On the other hand, the fifth term generates an effective µ-term ∼ TeV:
µ =
∑
i
λi
viR√
2
. (8)
Given the structure of the scalar potential, the free parameters in the neutral scalar
sector of the µνSSM at the low scale MEWSB =
√
mt˜lmt˜h , are therefore: λi, κijk, Yνij , m
2
Hd
,
m2Hu , m
2
ν˜ij
, m2
L˜ij
, Tλi , Tκijk and Tνij . Using diagonal sfermion mass matrices, in order to
avoid the strong upper bounds upon the intergenerational scalar mixing (see e.g. Ref. [42]),
from the eight minimization conditions with respect to vd, vu, viR and viL one can eliminate
the above soft masses in favor of the VEVs. In addition, using tan β ≡ vu/vd and the SM
Higgs VEV, v2 = v2d + v2u +
∑
i v
2
iL = 4m
2
Z/(g
2 + g′2) ≈ (246 GeV)2 with the electroweak
gauge couplings estimated at the mZ scale by e = g sin θW = g′ cos θW , one can determine
the SUSY Higgs VEVs, vd and vu. Since viL  vd, vu, one has vd ≈ v/
√
tan2 β + 1. Besides,
we can use diagonal neutrino Yukawa couplings, since data on neutrino physics can easily be
reproduced at tree level in the µνSSM with such structure, as we will discuss below. Finally,
assuming for simplicity that the off-diagonal elements of κijk and soft trilinear parameters
T vanish, we are left with the following set of variables as independent parameters in the
neutral scalar sector:
λi, κi, Yνi , tan β, viL, viR, Tλi , Tκi , Tνi , (9)
where κi ≡ κiii, Yνi ≡ Yνii , Tνi ≡ Tνii and Tκi ≡ Tκiii . Note that now the Majorana mass
matrix is diagonal, with the non-vanishing entries given by
Mi = 2κi viR√
2
. (10)
The rest of (soft) parameters of the model, namely the following gaugino masses, scalar
masses, and trilinear parameters:
M1, M2, M3, mQ˜iL , mu˜iR , md˜iR , me˜iR , Tui , Tdi , Tei , (11)
are also taken as free parameters and specified at low scale.
A further sensible simplification that we will also use in the next sections when necessary,
is to assume universality of the parameters in Eq. (9) with the exception of those connected
directly with neutrino physics such as Yνi and viL, that must be non-universal to generate
correct neutrino masses and mixing angles. Neither we will impose universality for Tνi ,
since they are connected with sneutrino physics as we will discuss in the next section, and
a hierarchy of masses in that sector can be phenomenologically interesting [11]. We are
then left with the following set of low-energy free parameters:
λ, κ, Yνi , tan β, viL, vR, Tλ, Tκ, Tνi , (12)
where λ ≡ λi, κ ≡ κi, vR ≡ viR, Tλ ≡ Tλi and Tκ ≡ Tκi . In this case, the three non-
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vanishing Majorana masses are equalMi =M, with
M = 2κ vR√
2
, (13)
and the µ-term is given by
µ = 3λ
vR√
2
. (14)
The new couplings and sneutrino VEVs in the µνSSM induce new mixing of states. The
associated mass matrices were studied in detail in Refs. [25,19,40]. Summarizing, there are
eight neutral scalars and pseudoscalars (Higgses-sneutrinos), where after rotating away the
pseudoscalar would be Goldstone boson we are left with seven pseudoscalar states. There
are also eight charged scalars (charged Higgses-sleptons), five charged fermions (charged
leptons-charginos), and ten neutral fermions (neutrinos-neutralinos).
Since reproducing neutrino data is an important asset of the µνSSM, in the follow-
ing we will briefly review this issue. The neutral fermions have the flavor composition
(νiL, B˜
0, W˜ 0, H˜0d , H˜
0
u, νiR). Thus, with the low-energy bino and wino soft masses, M1 and
M2, of the order of the TeV, and similar values for µ andM as discussed above, this gener-
alized seesaw produces three light neutral fermions dominated by the left-handed neutrino
(νiL) flavor composition. In fact, as mentioned before, data on neutrino physics [43–46]
can easily be reproduced at tree level [9, 25, 18, 19, 38, 39], even with diagonal Yukawa
couplings [18, 38], i.e. Yνii = Yνi and vanishing otherwise as used already in Eq. (9). A
simplified formula for the effective mixing mass matrix of the light neutrinos is [38]:
(mν)ij =
mDimDj
3M (1− 3δij)−
(viL/
√
2)(vjL/
√
2)
2M eff
− mDimDj
2M eff
1
3λ tan β
(
viL/
√
2
mDi
+
vjL/
√
2
mDj
+
1
3λ tan β
)
, (15)
where we have defined the Dirac mass for neutrinos as
mDi ≡ Yνi
vu√
2
, (16)
and
M eff ≡M −
(
v/
√
2
)2
2µ
(
M vR√
2
+ 2λ
(
v√
2
)2
tanβ
1+tan2 β
) [2M vR√
2
tan β
1 + tan2 β
+ λ
(
v√
2
)2]
, (17)
with
1
M
=
g′2
M1
+
g2
M2
. (18)
Here we have assumed universal λi = λ, viR = vR, and κi = κ as in Eq. (12). The first
term of Eq. (20) is generated through the mixing of νiL with νiR-Higgsinos, and the other
two also include the mixing with gauginos. These are the so-called νR-Higgsino seesaw and
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gaugino seesaw, respectively [38].
We are then left in general with the following subset of variables of Eqs. (9) and (11)
as independent parameters in the neutrino sector:
λi, κi, Yνi , tan β, viL, viR, M, (19)
In the numerical analyses of the next sections, it will be enough for our purposes to consider
the sign convention where all these parameters are positive.
Under several assumptions, the formula for (mν)ij can be further simplified. Notice
first that the third term is inversely proportional to tan β, and therefore negligible in the
limit of large or even moderate tan β provided that λ is not too small. Besides, the first
piece inside the brackets in the second term of Eq. (17) is also negligible in this limit,
and for typical values of the parameters involved in the seesaw also the second piece, thus
M eff ∼M . Under these assumptions, the second term for (mν)ij is generated only through
the mixing of left-handed neutrinos with gauginos. Therefore, we arrive to a very simple
formula where only the first two terms survive with M eff = M in Eq. (15):
(mν)ij =
mDimDj
3M (1− 3δij)−
(viL/
√
2)(vjL/
√
2)
2M
. (20)
This expression can be used to understand easily the seesaw mechanism in the µνSSM in a
qualitative way. From this discussion, it is clear that Yνi , viL and M are crucial parameters
to determine the neutrino physics.
Let us finally point out that the accommodation of the SM-like Higgs boson discovered
at the LHC is mandatory for any SUSY model. In the next section, we will review this
subject in some detail in the context of the µνSSM. In order to carry it out, we will study
the Higgs sector of the model and its enhanced particle content. Although the parameter
space of the model given by Eqs. (9) and (11) is large, we will see in the next sections that
some of these parameters are not relevant for the study of the Higgs sector, as also occurs
for the neutrino sector, and therefore its analysis is simplified.
3 The Higgs sector of the µνSSM
In the µνSSM, doublet-like Higgses are mixed with left and right sneutrinos, giving rise to
8× 8 (‘Higgs’) mass matrices for scalar and pseudoscalar states. However, the 5× 5 Higgs-
right sneutrino submatrix is almost decoupled from the 3× 3 left sneutrino submatrix due
to the small values of Yνij and viL in the off-diagonal entries [25,18]. Thus, to accommodate
the SM-like Higgs in the µνSSM, we can focus on the analysis of the Higgs-right sneutrino
mass submatrix. The tree-leel entries of the scalar and pseudoscalar mass submatrices are
shown in Appendix A using the parameters of Eq. (9). Upong diagonalization of the scalar
submatrix, one obtains the SM-like Higgs, the heavy doublet-like neutral Higgs, and three
singlet-like states. Similarly, upon diagonalization of the pseudoscalar submatrix, and after
rotating away the pseudoscalar would be Goldstone boson, we are left with the doublet-like
neutral pseudoscalar, and three singlet-like pseudoscalar states.
In what follows, we will concentrate on the study of the properties of the SM-like Higgs,
given the amount of experimental data, and on the ones of the new states with respect to
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the MSSM, i.e. the right sneutrino-like states. Although not relevant for accommodating
the SM-like Higgs, for completeness we will also review the left sneutrino states and the
charged Higgs sector.
3.1 The SM-like Higgs
As explained before, we can focus on the analysis of the Higgs-right sneutrino mass sub-
matrix of Appendix A.1 to accommodate the SM-like Higgs in the µνSSM. Through the
mixing with the right sneutrinos, which appears through λi, the tree-level mass of the light-
est doublet-like Higgs receives an extra contribution with respect to the MSSM. We want
to emphasize that this analysis has a notable similarity with that of the NMSSM (although
in the NMSSM one has only one singlet), however RPV and an enhanced particle content
offer a novel and unconventional phenomenology for the Higgs-right sneutrino sector of the
µνSSM [25, 18, 19, 47, 48, 20, 49, 21, 36, 37]. Taking into account all the contributions, the
mass of the SM-like Higgs in the µνSSM can be schematically written as [25, 21]:
m2h = m
2
0h + ∆mixing + ∆loop, (21)
where
m20h = m
2
Z cos
2 2β + (v/
√
2)2 λ2 sin2 2β (22)
corresponds to neglect the mixing of the SM-like Higgs with the other states in the mass
squared matrix, ∆mixing encodes those mixing effects lowering (raising) the mass if it mixes
with heavier (lighter) states, and ∆loop refers to the radiative corrections. Note that m20h
contains two terms, where the first is characteristic of the MSSM and the second of the
µνSSM with
λ ≡
(∑
i
λ2i
)1/2
=
√
3 λ, (23)
where the last equality is obtained if one assumes universality of the parameters λi = λ.
We can write m20h in a more elucidate form for our discussion below as
m20h = m
2
Z

(
1− tan2β
1 + tan2β
)2
+
(
v/
√
2
mZ
)2
λ2
(
2 tanβ
1 + tan2β
)2 , (24)
where the factor (v/
√
2mZ)
2 ≈ 3.63, and we see straightforwardly that the second term
grows with small tanβ and large λ. In the case of the MSSM this term is absent, hence
the maximum possible tree-level mass is about mZ for tanβ  1 and, consequently, a
contribution from loops is essential to reach the target of a SM-like Higgs in the mass
region around 125 GeV. This contribution is basically determined by the soft parameters
Tu3 ,mu˜3R and mQ˜3L . On the contrary, in the µνSSM one can reach this mass solely with the
tree-level contribution for large values of λ [25]. Following the work of Ref. [21], we choose
for this analysis three regions in λ values. In particular, for convenience of the discussion
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of Sec. 5, where the last equality of Eq. (23) is used, our regions are:
(a) Small to moderate (0.01 ≤ λ/√3 < 0.2)
In this range, the maximum value of m0h using Eq. (24) with λ/
√
3 = 0.2 goes as ≈
78.9 GeV for tanβ = 2, which is ≈ 18 GeV more compared to a similar situation in the
MSSM. It is thus essential to have additional contributions to raise m20h up to around
125 GeV. A possible source of extra tree-level mass can arise when the right sneutrinos
are lighter compared to the lightest doublet-like Higgs. In this situation, the later feels a
push away effect from the former states characterized by ∆mixing > 0, pushing mh a bit
further towards 125 GeV. Unfortunately, for most of this range of λ values, away from the
upper end, the push-up effect is normally small owing to the small singlet-doublet mixing
which is driven by λi (see Eq. (A.1.4) of Appendix) [25, 48]. The additional contribution
to accommodate the 125 GeV doublet-like Higgs is coming then from loop effects. The
situation is practically similar to that of the MSSM, where large masses for the third-
generation squarks and/or a large trilinear A-term are essential [50–52]. A small trilinear
Au3-term is possible only by decoupling the scalars to at least 5 TeV [52]. A light third
generation squark, especially a stop, is natural in the so-called maximal mixing scenario [53],
where |Xu3/mQ˜3L| ≈
√
6 with Xu3 ≡ Au3 − µ/ tan β.
These issues indicate that the novel signatures from SUSY particles (e.g., from a light
stop or sbottom) are less generic in this region of λ. Nevertheless, novel differences are
feasible for Higgs decay phenomenology, especially in the presence of singlet-like lighter
states [19, 47,48,20,49,21,36,37].
(b) Moderate to large (0.2 ≤ λ/√3 < 0.5)
For this range of λ values,m0h can go beyondmZ , especially for tanβ <∼ 5 and λ/
√
3 >∼ 0.29.
For example with λ/
√
3 ≈ 0.4, tanβ = 2 (5) gives m0h ∼ 112 (96) using Eq. (24). This is
≈ 100% (14%) enhancement compared to the MSSM scenario with the same tanβ. Note
that this value λ ≈ 0.7 (λ ≈ 0.4) is the maximum possible value of λ maintaining its
perturbative nature up to the scale of a grand unified theory (GUT), MGUT ∼ 1016 GeV.
As discussed in Ref. [25], using the renormalization group equations (RGEs) for λ and
κ between MGUT and the low scale ∼ 1 TeV, neglecting the contributions from the top
and gauge couplings, one can arrive straightforwardly to the simple formula: 2.35 κ2 +
1.54 λ2 <∼ 1. This gives the bound λ <∼ 0.8, similar but slightly larger than the one of 0.7
mentioned before. Nevertheless, one should expect a final bound slightly stronger when all
contributions to the RGEs are taken into account. The numerical analysis indicates that a
better approximate formula is
2.77 κ2 + 2 λ2 <∼ 1, (25)
which produces the bounds λ <∼ 0.7 and κ <∼ 0.6.
For this region of λ the singlet-doublet mixing is no longer negligible as we will see in the
next subsection, particularly as λ/
√
3→ 0.4. Thus, a state lighter than 125 GeV with the
leading singlet composition appears difficult without a certain degree of tuning of the other
parameters, e.g. κi, viR, Tκi , Tλi , etc. In this situation, the extra contribution to the tree-
level value of mh is favourable through a push-up action from the singlet states compared
to small to moderate λ scenario. Once again a contribution from the loops is needed to
reach the 125 GeV target. However, depending on the values of λ and tanβ the requirement
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sometime is much softer compared to small to moderate λ scenario. Thus the necessity of
very heavy third-generation squarks and/or large trilinear soft-SUSY breaking term may
not be so essential for this region [50]. It is also worth noticing that the naturalness is
therefore improved with respect to the MSSM or smaller values of λ.
When λ/
√
3 → 0.5, m0h as evaluated from Eq. (24) can be larger than 125 GeV. For
example, for the upper bound of this range λ/
√
3 = 0.5, tanβ = 2 gives m0h ∼ 132 GeV.
In this case we have to relax the idea of perturbativity up to the GUT scale, as we will
discuss below.
(c) Large λ (0.5 ≤ λ/√3 < 1.2)
Assuming e.g. a scale of new physics around 1011 GeV, and following similar analytical
arguments as above using the RGEs, the perturbative limit gives approximately 1.48 κ2 +
0.96 λ2 <∼ 1 producing the bounds λ <∼ 1 and κ <∼ 0.82. For λ, taking into account the
contributions from the top and gauge couplings to the RGEs as above, one can find nu-
merically [25] the final bound λ <∼ 0.88, i.e. λ/
√
3 <∼ 0.5.
Pushing the scale of new physics further below to 10 TeV, the approximate analytical
analysis gives the perturbative limit
0.25 κ2 + 0.14 λ2 <∼ 1, (26)
producing now the bounds λ <∼ 2.6 (i.e. λ/
√
3 <∼ 1.5) and κ <∼ 2. Given that the full
numerical analysis produces typically stronger bounds, we will use λ/
√
3 <∼ 1.2 in our scan
of Sec. 5. A similar scenario in the context of the NMSSM has been popularised as λ-
SUSY [54]. The constraint in this case [55] is slightly different than ours because of the
presence of only one singlet.
In this region of λ values, m0h as evaluated from Eq. (24) can remain well above 125
GeV even up to tanβ ∼ 8 for λ/√3 ∼ 1.2. For λ/√3 = 0.58, m0h for tanβ = 2, 5 and 10
is estimated as ∼ 150 GeV, 108 GeV and ∼ 96 GeV, respectively. With λ/√3 = 1.2 these
numbers increase further, for example, ∼ 113 GeV when tanβ = 10. The requirement of an
extra contribution to reach the target of 125 GeV is thus rather small and even negative in
this corner of the parameter space unless tanβ goes beyond 10 or 15 depending on the values
of λ. A singlet-like state lighter than 125 GeV is difficult in this corner of the parameter
space due to the large singlet-doublet mixing. In fact even if one manages to get a scalar
lighter than 125 GeV with parameter tuning, a push-up action can produce a sizable effect
to push the mass of the lightest doublet-like state beyond 125 GeV, especially for tanβ <∼ 10
taking λ/
√
3 = 1.2. Moreover, a huge doublet component makes these light states hardly
experimentally acceptable. In this region of the parameter space a heavy singlet-like sector
is more favourable which can push mh down towards 125 GeV, due to ∆mixing < 0. In
addition, for such a large λ value, new loop effects from the right sneutrinos proportional
to λ2 can also give a sizeable negative contribution [56,27]. A set of very heavy singlet-like
states, even with non-negligible doublet composition is also experimentally less constrained.
It is needless to mention that the amount of the loop correction is much smaller in this
region compared to the two previous scenarios. Following the above discussion (b) for large
values of λ, this region of the parameter space also favours third-generation squarks lighter
than 1 TeV, which can be produced with enhanced cross sections and can lead to novel
signatures of this model with RPV at the LHC, even when the singlet-like states remain
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heavier, as stated earlier.
In Sec. 5, we will analyze these λ regions using three scans, and we will check how much
room is left for new physics in the light of the current precise measurements of the SM-like
Higgs properties. Let us now study the right sneutrino-like sector which, as pointed out
before, is crucial to determine the properties of the SM-like Higgs in the µνSSM.
3.2 The right sneutrino-like states
From the scalar and pseudoscalar mass submatrices in Appendix A, it is clear that κi and
Tκi are crucial parameters to determine the masses of the singlet-like states, originating from
the self-interactions. The remaining parameters λi and Tλi (Aλi assuming the supergravity
relation Tλi = λiAλi of Eq. (3)) not only appear in the said interactions, but also control the
mixing between the singlet and the doublet states and hence, contribute in determining the
mass scale. Note that the contributions of the parameters Tνi are negligible assuming Tνi =
YνiAνi , given the small values of neutrino Yukawas. We conclude, taking also into account
the discussion below Eq. (24), that the relevant independent low-energy parameters in the
Higgs-right sneutrino sector are the following subset of parameters of Eqs. (9) and (11):
λi, κi, tan β, viR, Tκi , Tλi , Tu3 , mu˜3R , mQ˜3L . (27)
In the limit of vanishingly small λi (considering simultaneously very large viR in the case
that we require the lighter chargino mass bound of RPC SUSY µ & 100 GeV), not only the
off-diagonal entries of the right sneutrino submatrices (A.1.6) and (A.2.6) are negligible,
but also the off-diagonal entries (A.1.4), (A.1.5) and (A.2.4), (A.2.5) of the Higgs-right
sneutrino matrices. As a consequence of the latter, the singlet states are decoupled from
the doublets. It is thus apparent, that λi are undoubtedly the most relevant parameters
for the analysis of these states. Another aspect of the parameters λi, namely to yield
additional contributions to the tree-level SM-like Higgs mass has already been discussed in
the previous subsection. Thus, one can write the right sneutrino masses as
m2ν˜RiR
=
(
Tκi
κi
+ 2Mi
)Mi
2
, (28)
m2ν˜IiR
= −3
2
Tκi
κi
Mi, (29)
where in the case of supergravity we can use the relation Tκi/κi = Aκi . In addition, also in
this limitMi coincide approximately with the masses of the right-handed neutrinos, since
they are decoupled from the other entries of the neutralino mass matrix:
mνiR =Mi. (30)
With the sign convention adopted in Sec. 2, Mi > 0, and from Eq. (29) we deduce that
negative values for Tκi (or Aκi) are necessary in order to avoid tachyonic pseudoscalars.
Using also that equation, we can write (28) as
m2ν˜RiR
= M2i −
1
3
m2ν˜IiR
. (31)
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Thus, the simultaneus presence of non-tachyonic scalars and pseudoscalars implies that [21]
mν˜IiR <
√
3Mi, (32)
mν˜RiR < Mi. (33)
Hence, light scalars/pseudoscalar states are assured when light neutralinos (i.e. basically
the product κiviR) are present. From Eq. (28) we also see that the absence of tachyons
implies the condition
−Tκi
κi
< 2Mi, (34)
and therefore the value of Tκi/κi and the product κiviR have to be chosen appropriately to
fulfill it. Also from that equation we see that singlet scalars lighter than the SM-like Higgs
can be obtained when
2Mi −
2m2Higgs
Mi <
−Tκi
κi
. (35)
Thus, for a given value of Mi, only a narrow range of values of −Tκi/κi is able to fulfill
simultaneously both conditions (34) and (35). We will come back to this issue in Sec. 5.
On the other hand, even in a region of small to moderate λi, to obtain approximate
analytical formulas for tree-level scalar and pseudoscalar masses turn out to be rather
complicated due to the index structure of the parameters involved. As discussed in detail
in Ref. [21], the expressions for their masses can be simplified in the limit of complete
degeneracy in all relevant parameters as in Eq. (12), i.e. when λi = λ (λ = λ/
√
3 as
defined in Eq. (23)), κi = κ, viR = vR, Tκi = Tκ, Tλi = Tλ. In this case, the 3× 3 scalar and
pseudoscalar mass submatrices in Eqs (A.1.6) and (A.2.6) have the form
a b b
b a b
b b a
 , (36)
with the three eigenvalues given by a − b, a − b and a + 2b. Then, it was shown that for
both, scalars and pseudoscalars, the two mass eigenstates corresponding to the first two
eigenvalues a− b get decoupled and remain as pure singlet-like states without any doublet
contamination. Using the values of a and b from Appendix A, and neglecting Tν under the
supergravity assumption of being proportional to the small Yν , one obtains the following
degenerate masses:
m2ν˜R1,2R
=
(
Tκ
κ
+ 2M
)M
2
+ 3λ2
(
v√
2
)2(
1
µ
Tλ
λ
tan β
1 + tan2 β
− 1
)
, (37)
m2ν˜I1,2R
= −3
2
Tκ
κ
M+ 3λ2
(
v√
2
)2 [(
1
µ
Tλ
λ
+
4
3
κ
λ
)
tan β
1 + tan2 β
− 1
]
, (38)
where now µ is defined in Eq. (14), and the Majorana mass is given in Eq. (13) corresponding
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approximately also to two pure right-handed neutrino states decouple from the rest of the
neutralinos:
mν1,2R =M. (39)
The degeneracy of these states can be broken by introducing mild splittings in κi values [48,
21], as it is obvious e.g. from Eqs. (28), (29) and (30). One thing to highlight is that the
first term of Eq. (37) is like the one of Eq. (28) in the case of universality, and therefore a
condition similar to (34) is welcome to avoid tachyons in the scalar spectrum. Nevertheless,
depending on the values chosen for the input parameters, the second term in (37) can be
positive, relaxing this condition. The latter is especially true for large values of λ.
The mass eigenstate corresponding to the third eigenvalue, namely the one which goes
as a+ 2b, however mixes with the doublet-like states, and eventually its mass appears with
a complicated form. In the case of the pseudoscalar this is given by
m2ν˜I3R
= −3
2
Tκ
κ
M+ 9λκ
(
v√
2
)2
Tλ/λ
Tλ
λ
+ M
2
tan β
1 + tan2 β
. (40)
In the case of the scalar, m2
ν˜R3R
appears with a much complicated form that can be found
in Ref. [21]. Similarly, the third right-handed neutrino-like state mixes with the other
MSSM-like neutralinos, and its mass is given by
mν3R =M−
λ2
2µ
(
v√
2
)2 [
1 + tan2 β
tan β
− 4Mµ(
v/
√
2
)2
][
1 + tan2 β
tan β
Mµ(
v/
√
2
)2 − 1
]−1
, (41)
where M is defined in Eq. (18).
Depending on the input parameters chosen, the two degenerate states can be heavier
or lighter than the third state. For example, for the pseudoscalars we see that the second
term in Eq. (40) is always positive whereas the second term in Eq. (38) can be positive
(larger or smaller than the previous one) or even negative.
It is also worthy to note that for further small λ values (i.e. <∼ 0.01) or in the limit of a
vanishingly small λ, these formulas take simpler forms, and the three states are degenerate:
m2ν˜RiR
=
(
Tκ
κ
+ 2M
)M
2
, (42)
m2ν˜IiR
= −3
2
Tκ
κ
M, (43)
mνiR = M. (44)
As expected, they coincide with Eqs. (28), (29), and (30), respectively, when written for
universal parameters.
Other simple formulas can be obtained in the limit of tan β →∞, where
m2ν˜R1,2R
=
(
Tκ
κ
+ 2M
)M
2
− 3λ2
(
v√
2
)2
, (45)
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m2ν˜I1,2R
= −3
2
Tκ
κ
M− 3λ2
(
v√
2
)2
, (46)
and
m2ν˜R3R
=
(
Tκ
κ
+ 2M
)M
2
− 3λ2
(
v√
2
)2(
2µ
mZ
)2
, (47)
m2ν˜I3R
= −3
2
Tκ
κ
M, (48)
whereas for the righ-handed neutrinos one obtains
mν1,2R = M, (49)
mν3R = M−
λ2
2µ2M
(
v√
2
)4
. (50)
It is evident from this result that unless λ is small to moderate, it is in general hard to ac-
commodate a complete non-tachyonic light spectrum (i.e. <∼ mHiggs/2) for both the scalars
and pseudoscalars in the limit of large tan β without a parameter tuning. In addition, this
limit is severely constrained from diverse experimental results. This is because the BRs for
some low-energy processes (e.g. B0s → µ+µ−), depending on the other relevant parameters
are sensitive to the high powers of tan β and thus, can produce large BRs for these processes
in an experimentally unnacceptable way. The other limit, i.e. small tan β, on the contrary,
is useful from the viewpoint of raising the mass of the lightest doublet-like scalar towards
125 GeV, specially for moderate to large λ values . However, as shown in the discussion of
Eqs. (37), (38) and (40), not all the mass formulas for the light states are simple structured
in this region and a numerical analysis is convenient.
3.3 The left sneutrinos
The behaviour of the left sneutrinos is very different from the one of the right sneutrinos,
since the former are tightly associated to neutrino physics.
As discussed before, the 3 × 3 scalar and pseudoscalar left sneutrino submatrices are
decoupled from the 5 × 5 Higgs-right sneutrino submatrices. Besides, their off-diagonal
entries are negligible compared to the diagonal ones, since they are suppressed by terms
proportional to Y 2νij and v
2
iL. As a consequence, the mass squared eigenvalues correspond
to the diagonal entries, and in this approximation both states also have degenerate masses.
Using the minimization equations for viL, we can write their tree-level values as [25,18,40,37]
m2ν˜RiL
= m2ν˜IiL
=
mDi
viL/
√
2
viR√
2
[
−Tνi
Yνi
− Mi
2
+
µ
tan β
+ λi
(
v/
√
2
)2
viR/
√
2
tan β
1 + tan2 β
]
. (51)
Therefore, in addition to the parameters of Eq. (19) relevant for neutrino physics, the
Tνi (52)
are relevant parameters for the study of left sneutrino masses. The fourth term in Eq. (51)
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can usually be neglected as long as viR  v and/or λi is small, and in the limit of mod-
erate/large tan β one can also neglect the third term. Under these approximations, the
condition for non-tachyonic left sneutrinos can be written as an upper bound on the Ma-
jorana masses
Mi
2
<∼
−Tνi
Yνi
. (53)
Given our sign convention of positive Majorana mass, we will use negative values for Tνi in
the numerical analyses of Sec. 5.
Going back to Eq. (51), we see clearly why left sneutrinos are special in the µνSSM with
respect to other SUSY models. Given that their masses are determined by the minimization
equations with respect to vi, they depend not only on left sneutrino VEVs but also on
neutrino Yukawas, unlike right sneutrinos, and as a consequence neutrino physics is very
relevant for them.
Considering the normal ordering for the neutrino mass spectrum, which is nowadays
favored by the analyses of neutrino data [43–46], and taking advantage of the dominance
of the gaugino seesaw for some of the three neutrino families, representative solutions for
neutrino/sneutrino physics using diagonal neutrino Yukawas were summarized in Ref. [11].
Different hierarchies among the generations of left sneutrinos are possible, using different
hierarchies among Yνi (and also viL).
There is enough freedom in the parameter space of the µνSSM in order to get heavy as
well as light left sneutrinos from Eq. (51), and the latter scenario with the left sneutrino as
the lightest supersymmetry particle (LSP) was considered in Refs. [40, 10, 11]. Due to the
doublet nature of the left sneutrino, masses smaller than half of the mass of the SM-like
Higgs were found to be forbidden [11] to avoid dominant decay of the latter into sneutrino
pairs, leading to an inconsistency with Higgs data. Let us finally remark that in those
works negative values for Tu3 were used, in order to avoid too light left sneutrinos due to
loop corrections. Although we are not specially interested in light sneutrinos in this work,
we will maintain the same sign convention in what follows. To use positive values for Tu3
would have not modify our results, since their effect on the SM-like Higgs mass is similar.
3.4 The charged scalars
The charged scalars have a 8 × 8 (‘charged Higgs’) mass matrix. Similar to the neutral
Higgs mass matrices where some sectors are decoupled, the 2× 2 charged Higgs submatrix
is decoupled from the 6 × 6 slepton submatrix. Thus, as in the MSSM, the mass of the
charged Higgs is similar to the one of the doublet-like neutral pseudoscalar, specially when
the latter is not very mixed with the right sneutrinos. In this case, both masses are also
similar to the one of the heavy doublet-like neutral Higgs.
Concerning the 6×6 submatrix, the right sleptons are decoupled from the left ones, since
the mixing terms are suppressed by the electron-type Yukawa couplings or viL. Then, the
masses of right and left sleptons are basically determined by their corresponding soft terms,
m2e˜iR and m
2
L˜i
, respectively. Although the left sleptons are in the same SU(2) doublet as
the left sneutrinos, they are a little heavier than the latter mainly due to the mass splitting
produced by the D-term contribution, −m2W cos 2β.
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4 Strategy for the scanning
In this section we describe the methodology that we employed to search for points of our
parameter space that are compatible with the latest experimental data on Higgs physics
In addition, we demanded the compatibility with some flavor observables. To this end, we
performed scans on the parameter space of the model, with the input parameters optimally
chosen.
4.1 Sampling the µνSSM
For the sampling of the µνSSM, we used a likelihood data-driven method employing the
MultiNest [33–35] algorithm as optimizer. The goal is to find regions of the parameter
space of the µνSSM that are compatible with a given experimental data. For it we have
constructed the joint likelihood function:
Ltot = LHiggs × LB physics × Lµ decay × Lmχ˜± , (54)
where LHiggs represents Higgs observables, LB physics B-physics constraints, Lµ decay µ decay
constraints, and Lmχ˜± constraints on the chargino mass.
To compute the spectrum and the observables we used a suitably modified version of
SARAH v4.5.9 code [57] to generate a SPheno v3.3.6 [58, 59] version for the model. We
condition that each point is required not to have tachyonic eigenstates. For the points that
pass this constraint, we compute the likelihood associated to each experimental data set
and for each sample all the likelihoods are collected in the joint likelihood Ltot (see Eq. (54)
above).
4.2 Likelihoods
The likelihood functions used have already been discussed in Ref. [11]. Summarizing,
we used three types of likelihood functions in our analysis. For observables for which a
measurement is available we use a Gaussian likelihood function defined as follows:
L(x) = exp
[
−(x− x0)
2
2σ2T
]
, (55)
where x0 is the experimental best fit set on the parameter x, σ2T = σ2 + τ 2 with σ and τ
being respectively the experimental and theoretical uncertainties on the observable x.
On the other hand, for any observable for which the constraint is set as lower or upper
limit, an example is the chargino lower mass bound, the likelihood function is defined as
L(x) = σ
σT
[1−K(D(x))] exp
[
−(x− x0)
2p
2σ2T
]
+
1
τ
K((x− x0)p), (56)
where
D(x) =
σ
τ
(
(x0 − x)p
σT
)
, K(a) =
1
2
erfc
(
a√
2
)
. (57)
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The variable p takes +1 when x0 represents the lower limit and −1 in the case of upper
limit, while erfc is the complementary error function.
The last class of likelihood function we used is a step function in such a way that the
likelihood is one/zero if the constraint is satisfied/non-satisfied.
It is important to mention that in this work, unless explicitly mentioned, the theo-
retical uncertainties τ are unknown and therefore are taken to be zero. Subsequently, we
present each constraint used in this work together with the corresponding type of likelihood
function.
Higgs observables
Before the discovery of the SM-like Higgs boson, the negative searches of Higgs signals at
the Tevatron, LEP and LHC, were transformed into exclusions limits that must be used
to constrain any model. Its discovery at the LHC added crucial constraints that must be
taking into account in those exclusion limits. We have considered all these constraints in
the analysis of the µνSSM, where the Higgs sector is extended with respect to the MSSM
as discussed in Sec. 2. For constraining the predictions in that sector of the model, we in-
terfaced HiggsBounds v5.3.2 [60–64] with MultiNest. First, several theoretical predictions
in the Higgs sector (using a ±3 GeV theoretical uncertainty on the SM-like Higgs boson)
are provided to determine which process has the highest exclusion power, according to the
list of expected limits from LEP, Tevatron and LHC. Once the process with the highest
statistical sensitivity is identified, the predicted production cross sections of scalars and
pseudoscalars are computed in the ‘effective coupling approximation’ of HiggsBounds with
the inputs given by SPheno. The cross sections are then multiplied by the BRs and com-
pared with the limits set by these experiments. Finally, whether the corresponding point
of the parameter under consideration is allowed or not at 95% confidence level is indicated.
In constructing the likelihood from HiggsBounds constraints, the likelihood function is
taken to be a step function. Namely, it is set to one for points for which Higgs physics
is realized, and zero otherwise. In order to address whether a given Higgs scalar of the
µνSSM is in agreement with the signals observed by ATLAS and CMS, we interfaced
HiggsSignals v2.2.3 [65–67] with MultiNest. A χ2 measure is used to quantitatively
determine the compatibility of the µνSSM prediction with the measured signal strengths
and mass. The experimental data used are those of the LHC with some complements from
Tevatron. The details of the likelihood evaluation can be found in Refs. [64,65].
B decays
b→ sγ is a flavour changing neutral current (FCNC) process, and hence it is forbidden at
tree level in the SM. However, its occurs at leading order through loop diagrams. Thus,
the effects of new physics (in the loops) on the rate of this process can be constrained
by precision measurements. In the combined likelihood, we used the average value of
(3.55 ± 0.24) × 10−4 provided in Ref. [68]. Note that the likelihood function is also a
Gaussian (see Eq. (55)). Similarly to the previous process, Bs → µ+µ− and Bd → µ+µ−
are also forbidden at tree level in the SM but occur radiatively. In the likelihood for these
observables Eq. (55), we used the combined results of LHCb and CMS [69]3, BR(Bs →
µ+µ−) = (2.9 ± 0.7) × 10−9 and BR(Bd → µ+µ−) = (3.6 ± 1.6) × 10−10. Concerning the
3While we were doing the scan this reference and the previous one for b → sγ had the latest data,
nevertheless we have checked that our results for these three processes are 3σ compatible with the most
recent data of Ref. [70].
18
theoretical uncertainties for each of these observables, we use the guesstimate τ = 10%
of the corresponding best fit value. We denote by LB physics the likelihood from b → sγ,
Bs → µ+µ− and Bd → µ+µ−.
µ decays
We also included in the joint likelihood the constraint from BR(µ→ eγ) < 5.7×10−13 [71]4
and BR(µ→ eee) < 1.0×10−12 [73]. For each of these observables we defined the likelihood
as a step function. As explained before, if a point is in agreement with the data the
likelihood Lµ decay is set to 1, and otherwise to 0.
Let us point out here that we did not try to explain the interesting but not conclusive
3.5σ discrepancy between the measurement of the anomalous magnetic moment of the muon
and the SM prediction, ∆aµ = aexpµ − aSMµ = (26.8± 6.3± 4.3)× 10−10 [7]. Nevertheless, we
will check the level of compatibility with this value of the points fulfilling all constraints
discussed in Sec. 5.
Chargino mass bound
In RPC SUSY, the lower bound on the lightest chargino mass depends on the spectrum of
the model [7,74]. Although in the µνSSM there is RPV and therefore this constraint does
not apply, to compute Lmχ˜± we have chosen a conservative limit of mχ˜±1 > 92 GeV. For the
theoretical uncertainty we use the guesstimate τ = 5% of the chargino mass.
4.3 Input parameters
In order to efficiently scan for Higgs physics in the µνSSM, it is important to identify first
the parameters to be used, and optimize their number and their ranges of values. In Sect. 3,
we found that the relevant parameters are those in Eq. (27). However, to perform scans
over 19 parameters we would have to run MultiNest a extremely long time making the
task very computer resources demanding. The analysis can be nevertheless much simplified
assuming universality of the parameters as we did in the discussion below Eq. (35), without
significantly modifying the conclusions. In addition, we will also assume in the scans for
the sake of simplicity mQ˜3L = mu˜3R . Thus, we will perform scans over the 8 parameters
λ, κ, tan β, vR, Tκ, Tλ, Tu3 , mQ˜3L = mu˜3 , (58)
as shown in Table 1, using the sign conventions discussed in Sec. 2 and 3. We will use
log priors (in logarithmic scale) for all of the parameters, except for tan β which is taken
to be a flat prior (in linear scale). Let us point out, nevertheless, that we do not as-
sume exact universality of κi, to avoid an artificial degeneracy in the masses of the two
scalars/pseudoscalars (and two neutralinos) which appear in the spectrum without doublet
contamination (see the discussion in Subsec. 3.2). Thus we take
κ3 = 1.04κ1, κ2 = 1.02κ1, κ1 = κ, (59)
and scan over κ.
For the choice of the scans, we will choose the ranges of λ (≡ √3λ) discussed in Sec. 3
for convenience of the discussion. In particular, the sample denoted by S1 corresponds to
4We have checked that our results are in agreement with the most recent data of Ref. [72].
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Scan 1 (S1) Scan 2 (S2) Scan 3 (S3)
0.01 ≤ λ < 0.2 0.2 ≤ λ < 0.5 0.5 ≤ λ < 1.2
0.01 ≤ κ ≤ 2
1 ≤ tan β ≤ 40
100 ≤ vR/
√
2 ≤ 7000
0 < Tλ ≤ 500
0 < −Tκ ≤ 500
0 < −Tu3 ≤ 5000
200 ≤ mQ˜3L = mu˜3R ≤ 2000
Table 1: Range of low-energy values of the input parameters in Eq. (58) that are varied in
the three scans, where tan β is a flat prior whereas the others are log priors. The VEVs vR,
and the soft parameters Tλ, Tκ, Tu3 , mQ˜3L = mu˜3R are given in GeV.
Scan 1 (S1) Scan 2 (S2) Scan 3 (S3)
mQ˜1,2L = mu˜1.2R = md˜1.2,3R = me˜1,2,3R = 1000
Tu1,2 = Td1,2 = Te1,2 = 0, Te3 = 40, Td3 = 100
−Tν1,2 = 10−3, −Tν3 = 3× 10−4
M1 =
M2
2
= M3
3
= 900
Yν1 = 2× 10−7, Yν2 = 4× 10−7, Yν3 = 0.5× 10−7
v1L = 1.5× 10−4, v2L = 4× 10−4, v3L = 5.5× 10−4
Table 2: Low-energy values of the input parameters that are fixed in the three scans. The
VEVs viL and the soft parameters Tu,d,e, mQ˜,u˜,d˜,e˜, M1,2,3 are given in GeV.
small/moderate values with 0.01 ≤ λ < 0.2, S2 to moderate/large values with 0.2 ≤ λ <
0.5, and finally S3 to large values 0.5 ≤ λ < 1.2. For each scan, the same ranges for the
other parameters are considered. In particular, the upper bound of κ has been motivated
in the discussion of Subsec. 3.1 by relaxing the idea of perturbativity up to the GUT scale,
pushing the scale of new physics further below to 10 TeV (see Eq. (26)). Concerning the
range of vR, the lower and upper bounds allow to have reasonable Majorana masses for
right-handed neutrinos,Mi = 2kivR/
√
2 (see Eq. (10)), even when κi are very large or very
small, respectively. The ranges of Tλ and Tκ are also natural following the supergravity
framework of Eq. (3). The lower bound on mQ˜3L of 200 GeV is chosen to avoid too light
stops/sbottoms, and the upper bound of 2 TeV is enough not to introduce too large soft
masses and therefore too heavy squarks. With this range of mQ˜3L , we take the upper bound
of −Tu3 at 5 TeV to be able to reproduce in the small λ limit the usual maximal mixing
scenario when mQ˜3L ∼ 2 TeV.
20
Let us remark that the MSSM limits on squark masses cannot be applied to the µνSSM.
For example, if the stop is the LSP it can decay only via RPV channels into top plus neutrino
and bottom plus lepton, and these decays can be prompt or displaced depending on the
region of the parameter space of the model. Thus, dedicated analyses are necessary for
recasting ATLAS and CMS results to the many possible cases of the model, and we leave
them for a forthcoming publication [75]. In this sense, in the present work we choose to be
conservative enough using the above lower bound of 200 GeV. We consider that with this
value we cover all the potentially interesting range of the model. It is also worth noticing
that the regions with small stop masses correspond to (light-red and light-blue) points not
fulfilling the perturbative condition up to GUT scale, as shown in Figs. 5, 9 and 14 below
(this is also evident in Figs. B.1.5, B.2.5 and B.3.5).
The rest of the parameters of the model, which are less relevant for the analysis, are
fixed as shown in Table 2. For squarks, and right sleptons we choose a value of 1000 GeV.
Note that the rest of soft masses for Higgses, right sneutrinos and left sleptons, are fixed
by the minimization conditions, as discussed in Section 2. The relations among gaugino
masses M1,2,3 are inspired by GUTs, and in particular we choose gluinos masses of 2.7 TeV.
As for the other trilinear parameters, the values of Td3 and Te3 have been chosen taking
into account the supergravity relations and the corresponding Yukawa couplings. Finally,
the parameters Yνi , viL, and Tνi are mainly determined by neutrino and sneutrino physics
(see Eqs. (15) and (51)).
Since reproducing neutrino data is an important asset of the µνSSM, a few words on the
subject are worth it. As explained in Sec. 2, how the model reproduces the correct neutrino
masses and mixing angles has been intensively addressed in the literature [18,38,39,76,11].
Although the parameters in Eq. (19), λi, κi, viR, tan β, Yνi , viL and M , are important for
neutrino physics, the most crucial of them are Yνi , viL and M , and they are essentially
decoupled from the parameters in Eq. (27) controlling Higgs physics. Thus, for a suitable
choice of λi, κi, viR and tan β reproducing Higgs physics, there is still enough freedom to
reproduce in addition neutrino data by playing with Yνi , viL and M , as shown in Ref. [11].
As a consequence, we will not scan over the parameters Yνi , viL, M1, M2 in order to relax
our already demanding computing task, and since it is not going to affect our results.
For our purposes, it will be sufficient to choose these parameters mimicking the type of
solutions of neutrino physics with normal ordering found in Ref. [11], imposing only the
cosmological upper bound on the sum of the masses of the light active neutrinos given by∑
mνi < 0.12 [77].
The same comment applies to the parameters Tνi in Eq. (52), which are only relevant
to determine the left sneutrino masses, and therefore we fix them to mimic also the left
sneutrino physics of Ref. [11]. In that work, it was easy for M > 0 to find solutions with
the gaugino seesaw as the dominant one for the third family. In this case, v3L determines
the corresponding neutrino mass and Yν3 can be small. On the other hand, the normal
ordering for neutrinos determines that the first family dominates the lightest mass eigen-
state implying that Yν1 < Yν2 and v1 < v2, v3, with both νR-Higgsino and gaugino seesaws
contributing significantly to the masses of the first and second family. Taking also into
account that the composition of these two families in the second mass eigenstate is similar,
we expect v2 ∼ v3. Concerning left sneutrino physics, a light tau left sneutrino was required
in Ref. [11] implying −Tν3 < −Tν2 = −Tν1 . This pattern of hierarchies for Yνi , viL, and Tνi
is used in Table 2.
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Figure 1: Constraints from b→ sγ in the tan β − µ plane, for scans S1,2,3. The grey (light-
grey) color corresponds to points of the parameter space fulfilling Higgs physics that are
(are not) compatible with the BR(b→ sγ).
5 Results
By using the methods described in the previous section, we evaluate now the constraints
on the parameter space of the µνSSM.
To find regions consistent with experimental observations we have performed about 160
million of spectrum evaluations in total, and the total amount of computer required for
this was approximately 1110 CPU years.
Differently from other studies, in this work the likelihood is used to drive MultiNest.
Then, the selection of the viable points is not based on the value of the likelihood but rather
on the series of cuts that are applied on the samples, as will be discussed subsequently.
To carry out the analysis, we first demand Higgs physics to be fulfilled. As already
mentioned in Section 4, we use HiggsBounds and HiggsSignals to take into account the
constraints from 7-, 8- and 13-TeV LHC data, as well as those from LEP and Tevatron.
In particular, we require that the p-value derived by HiggsSignals be larger than 5%. It
is worth noticing here that, with the help of Vevacious [78], we have also checked that
the EWSB vacua corresponding to the previous allowed points are viable. Then, we select
points that lie within 3σ from b → sγ, Bs → µ+µ−, and Bd → µ+µ−. In the third step,
the points that pass these cuts are required to also satisfy the upper limits of µ → eγ
and µ→ eee, and the lower bound on the chargino mass inspired in RPC SUSY following
Sec. 4.2. After all these cuts are applied, about 91% of the points survive. At last we
require all the points that passed the above set of cuts to satisfy the cosmological upper
bound on the sum of the masses of the light active neutrinos.
As we will explain below, after imposing the relevant constraints from Higgs physics,
only b→ sγ and (less importantly) the bound on neutrino masses put further constraints on
the parameter space of the µνSSM. As already mentioned in Sec. 4.2, in our computation we
have not tried to explain the discrepancy between the measurement of the muon anomalous
magnetic moment and the SM prediction ∆aµ. Nevertheless, for completeness, we will
discuss the level of compatibility of the SUSY contributions with this value, and possible
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Figure 2: Constraints from
∑
mνi < 0.12 eV in theM− tan β plane, for scans S1,2,3. The
purple (light-purple) color corresponds to points of the parameter space fulfilling Higgs
physics that are (are not) compatible with the cosmological upper bound on the sum of
the masses of the light active neutrinos.
improvements in this direction.
b→ sγ
The BR(b → sγ) puts some constraints on the parameters space of the µνSSM, as shown
in Fig. 15. There we show the constraints from b→ sγ for all points of the parameter space
fulfilling Higgs physics. For instance, in our setup this BR can be too small in certain
regions of the parameter space. Forbidden points occur for small to moderate values of
λ, such as in S1 and S2, when tan β can be large while mQ˜3L can be small. As is well
known, the most important contributions to the BR(b → sγ) come from chargino/stop
and charged Higgs/top mediated processes [80]. On the one hand, the charged Higgs
contribution always tends to increase the SM value while that of the charginos depends on
the sign of M2, Tu3 and µ, where in our case µ = 3λvR/
√
2. Since we are working with
M2, µ > 0 and Tu3 < 0, the contribution from charginos in the loops acts destructively. Also
for light sparticles (here charginos, charged Higgs and stops) and/or large tan β the effects
can be large. This is actually what happens in our cases. For small/moderate λ, large tan β
favors increasing this effect. In the regime of destructive contribution involving light stops
(when mQ˜3L becomes small or in the maximal mixing scenario) and light Higgsinos (winos
are moderately heavy since we fix M2 to 1800 GeV), this effect is large and suppresses the
BR(b→ sγ). Note that for S3 this does not occur. The reason is that large values of tan β
are not needed, as we will see in detail in the next subsection, and in addition moderate
values come together with relatively large values of mQ˜3L .
Sum of neutrino masses
In Fig. 2, we show the constraints on the parameter space fulfilling Higgs physics imposed
by the requirement
∑
mνi < 0.12 eV in the M− tan β plane, with M = 2κ vR/
√
2. We
5All plots in this work have been made using Matplotlib [79].
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Figure 3: Analysis of aSUSYµ in the tan β − µ plane for scans S1,2,3. The light-brown color
corresponds to points of the parameter space fulfilling Higgs physics compatible at 2σ with
∆aµ. Brown color corresponds to compatibility between 2 and 3σ, whereas points with
black color are compatible within 3 and 3.5σ.
find that the sum of the masses of the three light neutrinos can exceed this upper bound
when the Majoranna masses are small. This can be qualitatively explained using Eq. (15)
with the approximations discussed below Eq. (19). Then, the gaugino seesaw contributions
to neutrino masses given by the second term in Eq.(15), with M eff = M , is fixed in our
scans. In particular, using the values of Table 2 for viL and M = 2640.45 GeV from the
values of M1,2, we can compute these contributions to the diagonal entries of the mass
matrix (mν)ii, which turn out to be in absolute value 0.002, 0.015, and 0.0286 eV for
i = 1, 2, 3, respectively. This indicates that for sizable νR-Higgsino seesaw, i.e. the first
term in Eq. (15), the mass of the heaviest neutrino can easily be made too large. This
occurs whenM is small. For example, for tan β = 10 andM = 30 GeV the νR-Higgsino
seesaw contribution to the diagonal entries is in absolute value around 0.027, 0.108, and
0.0017 eV, respectively, and added to the gaugino seesaw at least one neutrino mass would
be larger than 0.12 eV. Actually, in our scenarios the effect of tan β is not very relevant,
and the size of M is the most important one. In particular, as shown in Fig. 2, in scans
S1, S2, and S3, forM below 123, 52, and 51 GeV, respectively, we find points excluded by
the cosmological upper bound on neutrino masses.
Muon anomalous magnetic moment
The difference between the experimental measurement and the SM prediction ∆aµ = aexpµ −
aSMµ = (26.8 ± 6.3 ± 4.3) × 10−10 [7], where the errors are from experiment and theory
prediction (with all errors combined in quadrature), respectively, represents an interesting
but not conclusive discrepancy of 3.5 times the combined 1σ error. SUSY contributions
aSUSYµ can be large in the presence of light muon sneutrino and charginos or light neutralino
and smuons. We found in our scans S1, S2 and S3 that aSUSYµ is smaller than 16.96×10−10,
16.83 × 10−10, and 3.7 × 10−10, respectively. Thus, although none of the points of the
parameter space is compatible at 1σ with ∆aµ in some regions aSUSYµ is compatible at 2σ.
Note that we are neglecting the uncertainties in the SUSY computation. The result is
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Figure 4: Viable points of the parameter space for S1 in the κ − λ plane. The red and
light-red (blue) colours represent cases where the SM-like Higgs is (is not) the lightest
scalar. All red and blue points below the lower black dashed line fulfill the perturbativity
condition up to GUT scale of Eq. (25). Light-red points below the upper black dashed line
fulfill the perturbativity condition up to 10 TeV of Eq. (26).
shown in Fig. 3. The largest contributions to aSUSYµ are found for small µ and large tan β.
In our scenarios, since bino- and wino-like (neutralino or chargino) eigenstates are heavy
(in our scans M2 = 2M1 = 1800 GeV) the contributions involving them are suppressed.
Besides, although the Higgsino-like eigenstates can be light when µ is relatively small, their
contributions can be diluted by the small Yukawa coupling of the muon. Nevertheless, when
tan β is very large this effect can be more important. A way of explaining the discrepancy
∆aµ with aSUSYµ is to try to lower the muon left sneutrino mass, which in these scans
is generically large given the input parameters chosen for neutrino physics. Changing the
latter we could obtain smaller masses, and we leave the analysis of this interesting possibility
for a forthcoming publication [81].
5.1 Viable regions of the parameter space
Once b → sγ, and mainly Higgs physics, have determined the parameter space that is
viable in the µνSSM, we will discuss it in detail. In order to carry it out we will follow the
division in the three different scans presented in Subsection 4.3.
5.1.1 Scan 1 (0.01 ≤ λ < 0.2)
Let us concentrate first on the analysis of the results for Scan 1 (S1). We show in Fig. 4
the viable points of the parameter space in the κ−λ plane. The red points represent cases
where the SM-like Higgs boson is the lightest scalar. All of them fulfill perturbativity up to
the GUT scale, and therefore κ <∼ 0.6. For the light-red points the SM-like Higgs boson is
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Figure 5: Viable points of the parameter space for S1 in the −Tu3 versus mQ˜3L plane. The
color code is the same as in Fig. 4.
still the lightest scalar, but we have relaxed the perturbativity condition up to 10 TeV and
therefore 0.6 <∼ κ <∼ 2. On the contrary, the blue points represent cases where the SM-like
Higgs boson is not the lightest scalar. This figure can be considered as the summary of
results for this scan, which we now discuss in detail.
As shown in the figure, we find viable solutions in almost the entire κ−λ plane analyzed
in S1. The only small (white) region that becomes forbidden corresponds to very small
values of λ and very large (non-perturbative up to the GUT scale) values of κ. This can be
understood taking into account that we are asking to all the points to fulfill the chargino
mass lower bound of RPC SUSY, which corresponds to condition µ = 3λvR/
√
2 & 100 GeV.
Thus for a small λ, a large vR is needed (see also Fig. B.1.1 in Appendix B6). However,
this gives rise to a large value of M = 2κvR/
√
2 and, as a consequence, the condition
in Eq. (53) to avoid tachyonic left sneutrinos cannot be fulfilled for any value of κ. In
particular, combining both conditions we can write 100 GeV
3λ
<∼ vR√2 <∼
−Tνi/Yνi
κ
, which cannot
always be fulfilled. This is the case for the muon left sneutrino whose ratio −Tν2/Yν2 = 2500
GeV is the smallest of the three families, as can be deduced from Table 2. For example,
λ = 0.01 implies vR/
√
2 & 3300 GeV, and then it is straighforward to see that κ <∼ 0.75
to avoid tachyons. Let us point out nevertheless, that this forbidden tachyonic region in
Fig. 4 turns out to be an artifact of our simplified assumption about the neutrino (sneutrino)
pattern in order to relax the demanding computing task, as discussed in Subsection 4.3.
Simply breaking the degeneracy between Tν1 and Tν2 , taking a larger value for Tν2 , we
would recover this region as viable. It is apparent that there is a less point-dense area with
κ . 0.6 and λ & 0.15 (the same occurs for the area with λ & 0.45 in Fig. 8 to be discussed
below). This is just an artifact of the sampling, and it would have been filled out with
6We do not perform a statistical interpretation of the results. Thus, in all the plots shown in Appendix B
the points are plotted on top of each other using linear interpolation griddata to make the filled contours.
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Figure 6: The singlet component
∑
i |ZHhν˜RiR |
2 of the singlet-like scalars h versus their masses,
for S1. We only show here viable points with scalar masses smaller than 1000 GeV. In the
lower part we zoom in the low-mass region.
more computing-time resources.
Going back to the values of vR in Fig. B.1.1, it is worth noticing that for large λ
and/or large κ they are bounded, vR/
√
2 <∼ 2000 GeV. The reason is that for those points,
to increase the value of vR would increase the mixing term m2HRu HRd in Eq. (A.1.3) of
Appendix A, decreasing therefore the SM-like Higgs mass, and eventually leading to the
appearance of a negative eigenvalue. Note in this sense that the diagonal term m2HRu HRu
(m2
HRd H
R
d
) in Eq. (A.1.2) (Eq. (A.1.1)) is small (large) for the large values of tan β present in
this scan, as we will discuss below (see Fig. B.1.2). The mixing terms with right sneutrinos
also increase with the value of vR, as can be seen in Eqs (A.1.4) and (A.1.5), but much less
than the above between Higgses, since the former go like vR whereas the latter as v2R. As
we can see in those equations, the value of Tλ is also important to determine the mixing
among states. In Fig. B.1.3, we see that in most of the regions Tλ has an upper bound of
around 200 GeV, and only for the lower right region with large λ, but small (perturbative
up to the GUT scale) κ, it can reach up to 500 GeV. In the region to the left of the latter,
although the values of κ are also small, vR is large as discussed above, and smaller Tλ is
favoured. On the other hand, assuming the supergravity relation Aλ = Tλ/λ, one can check
that in most of the regions Aλ has the upper bound of around 2 TeV, as shown in Fig. B.1.4
Concerning the values of tan β, we find in S1 that tan β > 4. Such a lower bound is
expected in order to maximize the tree-level SM-like Higgs mass for small/moderate values
of λ, as discussed in Subsect. 3.1. We can see in Fig. B.1.2 that large values of tan β
are welcome for this task, similarly to the MSSM. Given the small singlet-doublet mixing,
significant loop contributions are the main source to increase the tree-level mass of the
SM-like Higgs. The values of the masses of the third-generation squarks and trilinear soft
term necessary to generate the large loop corrections are shown in Fig. 5. The white region
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Figure 7: Viable points of the parameter space for S1 in the −Tκ versus 2κM plane. The
color code is the same as in Fig. 4. In the upper right we zoom in the region with blue
points.
in the upper left side is excluded by the mass of the SM-like Higgs or by the existence of
tachyons when −Tu3 is much larger than mQ˜3L . For the allowed regions, we can see first
that for κ perturbative up to 10 TeV (light-red points) the values of −Tu3 . 2000 GeV
and mQ˜3L . 1000 GeV are highly correlated. Given the large value of κ, the push-down
effect in these light-red points makes necessary the maximal mixing scenario to cancel it,
bringing the mass of the SM-like Higgs to the correct value. For the red points, where
κ is smaller, the push-down effect is not so large and the maximal mixing scenario can
be relaxed. We can see that the lower right side of Fig. 5 becomes populated. The same
argument applies to the blue points (note that most of them are on top of red points), but
now for the push-up effect which is also small. In Figs. B.1.5 and B.1.6 of Appendix B, we
show in the κ − λ plane the values of mQ˜3L and −Tu3 , respectively. As discussed, smaller
values of these parameters are needed in the perturbative region up to 10 TeV.
In Table C.1.1 of Appendix C, we show the BP S1-R1 corresponding to the red region of
Fig. 4, where the SM-like Higgs h1 is the lightest scalar, and h4,5,6 are the singlet-like states
with masses larger than 900 GeV. Note nevertheless that the singlet-like pseudoscalars can
be lighter than the SM-like Higgs, as shown in particular in this BP where they have masses
around 40 GeV. As we can check from the fifth box of the table, the right sneutrinos are
not very mixed among themselves because λ is small and therefore the off-diagonal terms
in Eq. (A.1.6) are negligible. However, the singlet-like scalar h6, with a mass similar to
h7 which has a dominant composition of HRd , has a significant composition of the latter
(22.5%), whereas h4 and h5 are very pure singlets with dominant compositions ν˜ReR and ν˜RµR,
respectively. This BP corresponds to one of those shown in the right-hand side of Fig. 6
with a large doublet composition. In that figure, the singlet component of the singlet-like
states is shown versus their masses, and we can see that most (but not all) of them are
almost pure singlets. The fact that only one of the three singlet-like states of S1-R1 has a
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Figure 8: Viable points of the parameter space for S2 in the κ − λ plane. The red and
light-red (blue and light-blue) colours represent cases where the SM-like Higgs is (is not)
the lightest scalar. All red and blue points below the lower black dashed line fulfill the
perturbativity condition up to GUT scale of Eq. (25). Light-red and light-blue points below
the upper black dashed line fulfill the perturbativity condition up to 10 TeV of Eq. (26).
large doublet composition is because of our assumption of almost degenerate κ’s implying
that there are always two almost pure singlets. In Table C.1.2, we show a different BP
corresponding to the red region of Fig. 4, S1-R2, where the three singlet-like scalars are
very pure singlets.
It is worth remarking here that the masses of the left sleptons are determined by the
parameters related to neutrino/left sneutrino physics, as discussed in Subsection 4.3, and
therefore can be modified choosing different values for Yνi , viL, M1,2 and Yνi in Table 2.
This is true in general for all scans and applies therefore to all BPs studied in this work.
Let us now discuss in more detail the (narrow) region of Fig. 4 with blue points. For
small values of λ, the first term of Eq. (37) is a good approximation for right sneutrino
masses. Clearly, unless one makes a tuning between the two pieces in that term, Tκ/κ
and 2M = 4κvR/
√
2, one needs these two quantities to be small in order to obtain right
sneutrinos lighter than the SM-like Higgs. Now, since vR is typically large in this scan
compared to the SM-like Higgs mass, small values of κ are necessary for this task. This
is what we observe in the blue region of Fig. 4, where κ <∼ 0.2. There we also see that for
larger values of λ, larger values of κ are allowed, because the values of vR decrease with λ as
shown in Fig. B.1.1. The correlation between the above two pieces for the blue points is also
obvious from Eqs. (34) and (35). We show explicitly this effect in Fig. 7, where basically the
line −Tκ = 2κM separates the tachyonic (white) region from the non-tachyonic one with
blue and red points, i.e. −Tκ < 2κM. Blue points have to be close to the line since they
have to fulfill in addition the approximate condition (35). In Fig. B.1.7 of the Appendix,
we show the different values of −Tκ in the κ− λ plane. As we can see, for the small values
of κ corresponding to the blue region of Fig. 4, the values of −Tκ are typically small. For
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Figure 9: Viable points of the parameter space for S2 in the −Tu3 versus mQ˜3L plane. The
color code is the same as in Fig. 8.
larger values of κ corresponding to the regions with red and light-red points of Fig. 4, i.e.
with masses of the singlet-like states larger than the SM-like Higgs mass, the tachyonic
region can be avoided even with large values of −Tκ (up to the upper bound of 500 GeV
imposed in the scan), as shown in the figure. We show for completeness in Fig. B.1.8 the
different values of the supergravity parameter Aκ = Tκ/κ in the κ − λ plane. Due to this
relation, values of −Aκ as large as around 2.9 TeV can be obtained in regions with small κ.
Larger values of −Aκ are not possible because the condition −Aκ < 2M cannot be fulfilled
since vR is bounded, and therefore tachyons would appear.
Finally, it is worth noticing that about 40% of the blue points correspond to cases where
the singlet-like scalars have masses <∼ mHiggs/2. As can be seen in Fig. 6, most of these
states are almost pure singlets and therefore do not affect the Higgs decays, surviving as
viable points. We show the BP S1-B1 with these characteristics in Table C.1.3. There
we see that the three singlet-like states h1,2,3 with masses around 50 GeV are lighter than
the SM-like Higgs h4. Besides, these light states are significantly mixed among themselves
because of the moderate value of λ = 0.1, which makes the off-diagonal terms in Eq. (A.1.6)
significant. It is also worth noticing that for S1-B1 the Majorana mass is small,M = 52.92
GeV, giving rise to two almost degenerate light right-handed neutrinos of masses 49.75 and
53.28 GeV, and one heavier of mass 64.49 GeV. As a consequence, although the singlet
composition of h4 is small, this mixing is already sufficient to produce a significant decay of
h4 to two neutralinos (with dominant right-handed neutrino composition) with BR=0.15.
The presence of light scalars (hi), pseudoscalars (Ai) and neutralinos (χ˜0i ) such that
mhi + mAj < MZ , mχ˜0i + mχ˜0j < MZ or mχ˜0i + mχ˜±j < MW (here χ˜
±
j = e, µ, τ) opens up
new on-shell decay modes for the Z and W bosons. The possible signs of new physics from
these new decay modes in the µνSSM have been studied in Ref. [49].
On the other hand, when the masses of the singlet-like states are close to 125 GeV, it is
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Figure 10: The singlet component
∑
i |ZHhν˜RiR |
2 of the singlet-like scalars h versus their
masses, for S2. We only show here viable points with scalar masses smaller than 1000 GeV.
In the lower part we zoom in the low-mass region.
possible to find solutions with a large doublet composition. Actually, as mentioned before,
for each point of the parameter space only one of the three states has this property, given
our assumption of almost degenerate κ’s implying that there are always two almost pure
singlets. For these solutions, if the SM-like Higgs and the singlet-like state with significant
doublet composition have masses within the mass resolution of the experiment, they will
have their signal rates superimposed, and both will contribute to the resonance observed
at 125 GeV [65]. In this scan S1, about 0.4% of the phenomenologically viable points found
have singlet-like states with masses close to 125 GeV. We show in Table C.1.4 the BP S1-
2h1 with these properties. There we see that the right sneutrino h4 has a large composition
of HRu (27.58%), whereas h1 and h2 are very pure singlets with dominant compositions ν˜ReR
and ν˜RµR, respectively, and not contributing therefore to the superposition of Higgs-like
states. As already discussed for the BP S1-R1, the singlet-like states are very little mixed
among themselves given that λ is small.
5.1.2 Scan 2 (0.2 ≤ λ < 0.5)
Fig. 8 summarizes our results for Scan 2 (S2). In this case, we find viable solutions in the
entire κ − λ plane, since now λ ≥ 0.2 and therefore the chargino mass lower bound can
be fulfilled with low values of vR, being safe from tachyonic left sneutrinos. In fact, we
see in Fig. B.2.1 that in most of the regions vR/
√
2 <∼ 1000 GeV. This bound, in order to
avoid a too large mixing term m2
HRu HRd
, is smaller than for S1 because now we are working
with moderate/large values of λ. Concerning the value of Tλ, in Fig. B.2.3 we see that in
regions with large κ, and given the values of the other relevant parameters, small values
are preferred (for example, for κ > 1 about 87% of points have Tλ < 200 GeV), whereas
for lower values of κ the mixing term is smaller and larger values of Tλ are favoured (up
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Figure 11: Viable points of the parameter space for S2 in the −Tκ versus 2κM plane. The
color code is the same as in Fig. 8. In the upper right we zoom in the region with blue
points.
to the upper bound of 500 GeV imposed in the scan). Assuming the supergravity relation
Aλ = Tλ/λ, we see in Fig. B.2.4 that given the moderate/large values of λ for this scan, the
upper bound for Aλ is typically smaller than for S1 in all regions, with a maximum value
of around 2.5 TeV.
Concerning tan β, since λ is larger than in S1 we find that smaller values are favoured
to maximize the tree-level SM-like Higgs mass, as shown in Fig. B.2.2 of Appendix. In
addition, as a consequence of the moderate/large λ, the singlet-doublet mixing is larger
and therefore the push-up effect for the blue points helps to increase the tree-level mass. All
these effects together produce that the loop contributions to increase the tree-level mass of
the SM-like Higgs can be relaxed. One can observed this comparing Fig. 9 and Figs. B.2.5
and B.2.6 with the corresponding ones of S1.
Related to the above discussion, is the fact that in the perturbative region up to the
GUT scale is more easy to find blue than red points. The push-down effect of the latter
makes for them more difficult to reach the correct mass of the SM-like Higgs. Note also
that blue points with all values of κ are present, since vR is now smaller than for S1.
In Tables C.2.1 and C.2.2 of Appendix C, we show the two BPs S2-R1 and S2-R2,
respectively, corresponding to the red region of Fig. 8. They have different singlet-like
scalar masses, around 230 and 600 GeV, mainly due to the different values of vR. For
S2-R1, as we can see in the fifth box, the singlet-like states are significantly mixed among
themselves because of the moderate/large value of λ, and the eigenstate h5 is the one having
a significant composition of HRu (10.29%). The SM-like Higgs with a composition of HRd
of 19.36% is phenomenologically viable because tan β is as small as 2.31. The same occurs
for S2-R2, where now the SM-like Higgs composition of HRd is larger, 46.66%, but tan β is
smaller, 1.08. For this BP the mixing among right sneutrinos is larger, but no eigenstate
has a significant composition of HRu given their larger masses. In Fig. 10, we show the
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Figure 12: Viable points of the parameter space for S3 in the κ − λ plane. The light-red
(light-blue) colour represents cases where the SM-like Higgs is (is not) the lightest scalar.
All light-red and light-blue points below the black dashed line fulfill the perturbativity
condition up to 10 TeV of Eq. (26).
singlet component of the singlet-like scalars. As for S1, for large masses we can find scalars
with a very large composition of HRd .
The correlation discussed for S1 in Fig. 7 is relaxed in this new scan, again because of
the larger values of λ, as discussed below Eq. (44). We show this in Fig. 11. In Figs. B.2.7
and B.2.8 of the Appendix, we can see the different values of −Tκ and Aκ = Tκ/κ, respec-
tively, in the κ−λ plane. In the perturbative region up to the GUT scale, except for areas
with κ close to its upper bound, Tκ is typically small to avoid tachyonic right sneutrinos
because vR is small. As a consequence, in the case of supergravity Aκ is also typically
small in this region. In this scan, about 11% of the blue points correspond to cases where
the singlet-like scalars have masses <∼ mHiggs/2. In Table C.2.3, we show the BP S2-B1
corresponding to the blue region of Fig. 8, with singlet-like scalar masses > mHiggs/2. Apart
for that, its characteristics are similar to the BP S1-B1 of scan S1.
Concerning solutions with singlet-like states with masses close to 125 GeV, about 5% of
the phenomenologically viable points found in this scan are of this type. However, not all
of them have a significant doublet composition as to have their signals superimposed with
that of the SM-like Higgs. We show in Table C.2.4 the BP S2-2h1 as an example of this
situation. As we can see, the right sneutrino h4 has the largest doublet composition of HRu
(3.77%) and HRd (2.65%), but insufficient as to contribute significantly to the Higgs signals.
Unlike the BP S1-2h1 of S1, now the three sneutrinos are very mixed because of the larger
value of λ. Similar to S1-B1, for this BP also the Majorana mass is small, M = 55.8
GeV, giving rise to two almost degenerate ligth right-handed neutrinos of masses 55.9 and
57.2 GeV, and one heavier of mass 76.7 GeV. As a consequence, the decay channel right
sneutrino to two neutralinos (with dominant right-handed neutrino composition) opens,
giving the most important contribution to the BRs. In Table C.2.5, we show the BP S2-
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Figure 13: The singlet component
∑
i |ZHhν˜RiR |
2 of the singlet-like scalars h versus their
masses, for S3. We only show here viable points with scalar masses smaller than 1000 GeV.
In the lower part we zoom in the low-mass region.
2h2 with the singlet-like state h3 having the largest doublet composition of HRu (8.79%)
and contributing significantly to the superposition of signals with the SM-like Higgs h4,
unlike the previous case S2-2h1.
5.1.3 Scan 3 (0.5 ≤ λ < 1.2)
The results for Scan 3 (S3) are summarized in Fig. 12. In this case with so large values
of λ, the white region in the lower right is forbidden because of the too large mixing term
m2
HRu HRd
producing tachyons. To avoid that situation, in most of the allowed regions the
right sneutrino VEVs take small values, vR/
√
2 <∼ 500 GeV, as shown in Fig. B.3.1. These
small values imply that κ >∼ 0.2 to avoid tachyonic right sneutrinos. We show in Fig. B.3.3
the value of the corresponding Tλ, whereas in Fig. B.3.4 the supergravity parameter Aλ is
shown.
In Fig. B.3.2 we show tan β which, given the large value of λ, can take smaller values
than in S2. This region of the parameter space also favours light third generation squarks,
as shown in Fig. 14 (see also Figs. B.3.5 and B.3.6).
As discussed in Section 3.1, the push-down effect (together with negative loop correc-
tions) of a heavy singlet-like sector is more favourable to reproduce the SM-like Higgs mass.
In Table C.3.1 of Appendix C, we show the BP S3-R1 corresponding to the light-red region
of Fig. 12. In this case, h2 is the SM-like Higgs, and the right sneutrinos are very mixed
as expected from the large value of λ. In Fig. 13, we show the singlet component of the
singlet-like scalars. As for the other scans, scalars with large masses and with a very large
doublet composition can also be present
Although more difficult than in previous scans, we are also able to find in S3 solutions
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Figure 14: Viable points of the parameter space for S3 in the −Tu3 versus mQ˜3L plane. The
color code is the same as in Fig. 12.
with light singlet-like scalars (light-blue region). However, as we can see in Fig. 13, no
solutions with masses <∼ mHiggs/2 are present. In Table C.3.2, we show the BP S3-B1
corresponding to the blue region of Fig. 12. In Fig. 15, we show the correlation that is
necessary to find these points, and in Figs. B.3.7 and B.3.8 we show the different values of
−Tκ and Aκ = Tκ/κ, respectively, en the κ− λ plane. The upper bound for Aκ is around
500 GeV in this case, but this is an artifact of our scan. If we had allowed in S3 values of
Tκ up to 1 TeV, then the upper bound for Aκ would have been around 1 TeV.
In this scan, solutions with singlet-like states with masses close to 125 GeV are more
rare. Only about 0.2% of the phenomenologically viable points found are of this type. We
show in Table C.3.3 the BP S3-2h1 as an example. As we can see, the right sneutrino h1
has the largest doublet composition of HRu (1.42%) and HRd (4.78%), but its mass if far
away from 125 GeV. For this BP also the Majorana mass is small as for S2-2h1,M = 50.3
GeV, and there are three neutralinos dominantly right-handed neutrinos with masses of
that order, 50.7, 51.8 and 64.8 GeV. As a consequence, the decay channel right sneutrino
to two right-handed neutrinos opens for h3 and h4 (also for the SM-like Higgs h5), but is
not possible for h1. The latter can decay to right-handed neutrino plus light neutrino, but
with a very small BR. In Table C.3.4, we give another BP of this kind, S3-2h2, where
now one of the singlet-like states, h1, contributes to the superposition of signals with the
SM-like Higgs h2.
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6 Conclusions
We performed a dedicated analysis of the parameter space of the µνSSM, in the light of
the increasing data about the properties of the SM-like Higgs boson. For sampling the
Higgs sector, we used a powerful likelihood data-driven method based on the algorithm
MultiNest. The states of the Higgs sector crucial for our analysis are the two Higgs dou-
blets and the three right sneutrinos, which are mixed among themselves. After determining
the relevant parameters related to this sector (see Eq. (58)), we performed scans to search
for points compatible with the latest experimental data on Higgs physics. For constraining
the predictions of our extended Higgs sector, we interfaced HiggsBounds with MultiNest,
and to address whether a given Higgs scalar of the µνSSM is in agreement with the sig-
nals observed by ATLAS and CMS we also interfaced HiggsSignals with MultiNest. In
addition, we demanded the compatibility of the points with observables such as B and µ
decays, and discussed the values of muon g− 2 in different regions of the parameter space.
In this framework, we performed the three scans described in Table 1, which are deter-
mined by the range of λ couplings in the superpotential mixing Higgses and right sneutrinos,∑
i λi νˆ
c
i HˆuHˆd (with λi = λ). In particular, we considered the three ranges λ ∈ [0.01, 0.2),
[0.2, 0.5), and [0.5, 1.2). Perturbativity up to the GUT scale for λ is not imposed, and that
is why we allow values of λ larger than 0.4. Neither we imposed perturbativity up to the
GUT scale for κ couplings in the superpotential among right sneutrinos,
∑
i,j,k κijkνˆ
c
i νˆ
c
j νˆ
c
k
(with κiii = κ and vanishing otherwise), considering therefore the range κ ∈ [0.01, 2]. The
results are summarized in Figs. 4, 8, and 12 for the three scans. Clearly, we find viable
solutions in almost the entire κ − λ plane with the exception of the scan S3 in Fig. 12,
which is more constrained. This is due to the large values of λ ∈ [0.5, 1.2) that can give
rise to tachyons originated in the mixing between the two Higgs doublets.
We have obtained therefore that the parameter space of the µνSSM contains many viable
solutions, including also many different phenomenological possibilities. For example, there
are solutions where the SM-like Higgs is the lightest scalar (red and light-red points in the
figures), but also solutions where right sneutrino-like states are lighter (blue and light-blue
points). In the latter case, it is even possible to have these (singlet-like) scalars with masses
<∼ mHiggs/2. In addition, we also find solutions where several scalars are degenerated with
masses close to 125 GeV, and can have their signals rates superimposed contributing to the
resonance observed at 125 GeV.
Given these results, it is then important to study in detail the collider phenomenology
of the solutions found. In particular, the impact of the new states, not only the right
but also the left sneutrinos, and the neutralinos containing right-handed neutrinos. Novel
signals associated to them might help to probe the µνSSM at the LHC. These analyses will
be carried out in a fortcoming publication [82].
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A Higgs-right sneutrino mass submatrices
Using the parameters of Eq. (9), the minimization equations forHd,u and viR, and neglecting
terms suppressed by the small Yνij and viL, the tree-level entries of the 5 × 5 Higgs-right
sneutrino submatrices [25,18,19,40,37] can be approximated as follows:
A.1 Scalars
m2HRd HRd
= tanβ
∑
i
viR√
2
(
Tλi + λi
Mi
2
)
+
(
v√
2
)2
1
1 + tan2 β
1
2
(g2 + g′2), (A.1.1)
m2HRu HRu =
1
tanβ
∑
i
viR√
2
(
Tλi + λi
Mi
2
)
+
(
v√
2
)2
tan2 β
1 + tan2 β
1
2
(g2 + g′2), (A.1.2)
m2HRd HRu
= −
∑
i
viR√
2
(
Tλi + λi
Mi
2
)
+
(
v√
2
)2
tanβ
1 + tan2 β
[
−1
2
(g2 + g′2) + 2
∑
i
λ2i
]
, (A.1.3)
m2ν˜RiRHRu
= − v√
2
1√
1 + tan2 β
[Tλi + λi (Mi − 2µ tanβ)] , (A.1.4)
m2ν˜RiRHRd
= − v√
2
tanβ√
1 + tan2 β
[
Tλi + λi
(
Mi − 2µ
tanβ
)]
, (A.1.5)
m2ν˜RiRν˜RjR
= δij
{(
Tκi
κi
+ 2Mi
)Mi
2
+
λiµ
viR/
√
2
(
v√
2
)2(
1
µ
Tλi
λi
tanβ
1 + tan2 β
− 1
)
−Tνi
v√
2
tanβ√
1 + tan2 β
}
+ λiλj
(
v√
2
)2
, (A.1.6)
where µ =
∑
i λi
viR√
2
andMi = 2κi viR√2 .
A.2 Pseudoscalars
m2HIdHId
= tanβ
∑
i
viR√
2
(
Tλi + λi
Mi
2
)
(A.2.1)
m2HIuHIu =
1
tanβ
∑
i
viR√
2
(
Tλi + λi
Mi
2
)
(A.2.2)
m2HIdHIu
=
∑
i
viR√
2
(
Tλi + λi
Mi
2
)
(A.2.3)
m2ν˜IiRHIu
=
v√
2
1√
1 + tan2 β
(Tλi − λiMi) , (A.2.4)
m2ν˜IiRHId
=
v√
2
tanβ√
1 + tan2 β
(Tλi − λiMi) , (A.2.5)
m2ν˜IiRν˜IjR
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. (A.2.6)
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B Results from the λ− κ plane
Here we show several figures for each scan, where the viable points of the parameter space
can be seen in the κ− λ plane for different values of the other parameters.
B.1 Scan 1 (0.01 ≤ λ < 0.2)
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Figure B.1.1: Viable points of the parameter space for S1 in the κ−λ plane. The points below the lower
black dashed line fulfill the condition of Eq. (25), where perturbativity is assumed up to the GUT scale.
All points below the upper dashed line fulfill the condition of Eq. (26), where perturbativity is relaxed up
to 10 TeV. The colours indicate different values of the right sneutrino VEVs vR/
√
2.
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Figure B.1.2: The same as in Fig. B.1.1, but the colours indicate different values of tanβ.
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Figure B.1.3: The same as in Fig. B.1.1, but the colours indicate different low-energy values of the
trilinear soft terms Tλ.
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Figure B.1.4: The same as in Fig. B.1.1, but the colours indicate different low-energy values of the
trilinear soft terms Aλ, assuming the supergravity relation Aλ = Tλ/λ.
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Figure B.1.5: The same as in Fig. B.1.1, but the colours indicate different low-energy values of the soft
masses mQ˜3L .
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Figure B.1.6: The same as in Fig. B.1.1, but the colours indicate different low-energy values of the
trilinear soft term Tu3 .
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Figure B.1.7: The same as in Fig. B.1.1, but the colours indicate different low-energy values of the
trilinear soft terms Tκ.
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Figure B.1.8: The same as in Fig. B.1.1, but the colours indicate different low-energy values of the
trilinear soft terms Aκ, assuming the supergravity relation Aκ = Tκ/κ.
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B.2 Scan 2 (0.2 ≤ λ < 0.5)
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Figure B.2.1: Viable points of the parameter space for S2 in the κ−λ plane. The points below the lower
black dashed line fulfill the condition of Eq. (25), where perturbativity is assumed up to the GUT scale.
All points below the upper dashed line fulfill the condition of Eq. (26), where perturbativity is relaxed up
to 10 TeV. The colours indicate different values of the right sneutrino VEVs vR/
√
2.
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Figure B.2.2: The same as in Fig. B.2.1, but the colours indicate different values of tanβ.
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Figure B.2.3: The same as in Fig. B.2.1, but the colours indicate different low-energy values of the
trilinear soft terms Tλ.
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Figure B.2.4: The same as in Fig. B.2.1, but the colours indicate different low-energy values of the
trilinear soft terms Aλ, assuming the supergravity relation Aλ = Tλ/λ.
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Figure B.2.5: The same as in Fig. B.2.1, but the colours indicate different low-energy values of the soft
masses mQ˜3L .
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Figure B.2.6: The same as in Fig. B.2.1, but the colours indicate different low-energy values of the
trilinear soft term Tu3 .
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Figure B.2.7: The same as in Fig. B.2.1, but the colours indicate different low-energy values of the
trilinear soft terms Tκ.
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Figure B.2.8: The same as in Fig. B.2.1, but the colours indicate different low-energy values of the
trilinear soft terms Aκ, assuming the supergravity relation Aκ = Tκ/κ.
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B.3 Scan 3 (0.5 ≤ λ < 1.2)
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Figure B.3.1: Viable points of the parameter space for S3 in the κ − λ plane. The points below the
dashed line fulfill the condition of Eq. (26), where perturbativity is relaxed up to 10 TeV. The colours
indicate different values of the right sneutrino VEVs vR/
√
2.
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Figure B.3.2: The same as in Fig. B.3.1, but the colours indicate different values of tanβ.
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Figure B.3.3: The same as in Fig. B.3.1, but the colours indicate different low-energy values of the
trilinear soft terms Tλ.
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Figure B.3.4: The same as in Fig. B.3.1, but the colours indicate different low-energy values of the
trilinear soft terms Aλ, assuming the supergravity relation Aλ = Tλ/λ.
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Figure B.3.5: The same as in Fig. B.3.1, but the colours indicate different low-energy values of the soft
masses mQ˜3L .
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Figure B.3.6: The same as in Fig. B.3.1, but the colours indicate different low-energy values of the
trilinear soft term Tu3 .
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Figure B.3.7: The same as in Fig. B.3.1, but the colours indicate different low-energy values of the
trilinear soft terms Tκ.
0.5 0.6 0.7 0.8 0.9 1.0 1.1
λ
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
κ
S3
−Aκ
25
50
75
100
150
200
250
300
350
482
Figure B.3.8: The same as in Fig. B.3.1, but the colours indicate different low-energy values of the
trilinear soft terms Aκ, assuming the supergravity relation Aκ = Tκ/κ.
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C Benchmark points
Here we show for each scan several benchmark points discussed in the text. The SLHA-like
output of SPheno for all of them can be found in the website of the µνSSM Working Group,
http://dark.ft.uam.es/mununiverse/index.php/repository
C.1 Scan 1 (0.01 ≤ λ < 0.2)
S1-R1
λ = 0.053, κ = 0.58, vR/
√
2 = 797.53 (µ = 126.80, M = 925.13)
tan β = 13.39, Tλ = 4.53, −Tκ = 0.4, −Tu3 = 2597.94, MQ˜3L = 1667.26
mh1(H
R
u ) = 123.86, mh2(ν˜RτL) = 315.42, mh3(ν˜RµL) = 632.79, mh4(ν˜RR ) = 925.52
mh5(ν˜
R
R ) = 944.04, mh6(ν˜RR ) = 961.74, mh7(HRd ) = 974.17, mh8(ν˜ReL) = 1088.80
mA2(ν˜
I
R) = 36.75, mA3(ν˜IR) = 40.72, mA4(ν˜IR) = 41.24
mA5(ν˜
I
τL) = 315.42, mA6(ν˜IµL) = 632.79, mA7(HIu ) = 970.86, mA8(ν˜IeL) = 1088.80
mH−2 (τ˜L) = 325.62, mH−3 (µ˜L) = 638.64, mH−4 (H
−
d ) = 973.49
mH−5 (e˜R) = 1004.43, mH−6 (τ˜R) = 1005.10, mH−7 (µ˜R) = 1005.10, mH−8 (e˜L) = 1089.70
|ZH
h1ν˜ReR
|2 = 0.00011 %, |ZH
h1ν˜RµR
|2 = 0.000097 %, |ZH
h1ν˜RτR
|2 = 0.000085 %, |ZH
h1HRd
|2 = 0.58 %, |ZHh1HRu |2 = 99.41 %
|ZH
h4ν˜ReR
|2 = 98.50 %, |ZH
h4ν˜RµR
|2 = 0.096 %, |ZH
h4ν˜RτR
|2 = 0.025 %, |ZH
h4HRd
|2 = 0.013 %, |ZHh4HRu |2 = 0.0061 %
|ZH
h5ν˜ReR
|2 = 0.29 %, |ZH
h5ν˜RµR
|2 = 95.61 %, |ZH
h5ν˜RτR
|2 = 0.25 %, |ZH
h5HRd
|2 = 3.81 %, |ZHh5HRu |2 = 0.019 %
|ZH
h6ν˜ReR
|2 = 0.43 %, |ZH
h6ν˜RµR
|2 = 2.04 %, |ZH
h6ν˜RτR
|2 = 74.90 %, |ZH
h6HRd
|2 = 22.50 %, |ZHh6HRu |2 = 0.12 %
BR(h1 → bb) = 0.51, BR(h1 → ττ) = 0.0854, BR(h1 → WW ) = 0.226
BR(h1 → ZZ) = 0.0237, BR(h1 → γγ) = 0.00282, BR(h1 → gg) = 0.109
Γtoth1 = 3.19× 10−3
Table C.1.1: Benchmark point S1-R1 from scan S1, with the SM-like Higgs h1 being the
lightest scalar. Input parameters at the low scaleMEWSB are given in the first box, where we
also show for completeness µ = 3λvR/
√
2 andM = 2κvR/
√
2 since their values determine
Higgsino and right-handed neutrino masses. Scalar, pseudoscalar and charged Higgs masses
are shown in the second, third and fourth boxes, respectively. Scalar mass eigenstates are
denoted by h1,...,8, pseudoscalars by A2,...,8 and charged Higgses by H−2,...,8 associating the
first states to the Goldstone bosons eaten by the Z and W±. Their dominant composition
is written in brackets. For the case of the SM-like Higgs and singlet-like scalars their main
compositions are broken down in the fifth box. Relevant branching ratios for the SM-like
Higgs h1 are shown in the sixth box. Its decay width is shown in the seventh box. VEVs,
soft parameters, sparticle masses and decay widths are given in GeV.
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S1-R2
λ = 0.14, κ = 0.41, vR/
√
2 = 672.02 (µ = 282.25, M = 557.32)
tan β = 10.07, Tλ = 234.70, −Tκ = 239.18, −Tu3 = 2504.00, MQ˜3L = 1205.73
mh1(H
R
u ) = 122.46, mh2(ν˜RτL) = 292.78, mh3(ν˜RR ) = 383.75, mh4(ν˜RR ) = 399.78
mh5(ν˜
R
R ) = 415.60, mh6(ν˜RµL) = 604.77, mh7(ν˜ReL) = 1013.23, mh8(HRd ) = 2377.17
mA2(ν˜
I
τL) = 292.78, mA3(ν˜IµL) = 604.77, mA4(ν˜IR) = 686.14
mA5(ν˜
I
R) = 686.25, mA6(ν˜IR) = 687.67, mA7(ν˜IeL) = 1013.23, mA8(HIu ) = 2376.87
mH−2 (τ˜L) = 303.90, mH−3 (µ˜L) = 610.30, mH−4 (e˜R) = 1002.79
mH−5 (µ˜R) = 1002.84, mH−6 (τ˜R) = 1002.84, mH−7 (e˜L) = 1016.50, mH−8 (H
−
d ) = 2374.86
|ZH
h1ν˜ReR
|2 = 0.046 %, |ZH
h1ν˜RµR
|2 = 0.037 %, |ZH
h1ν˜RτR
|2 = 0.03 %, |ZH
h1HRd
|2 = 0.97 %, |ZHh1HRu |2 = 99.91 %
|ZH
h3ν˜ReR
|2 = 98.26 %, |ZH
h3ν˜RµR
|2 = 1.39 %, |ZH
h3ν˜RτR
|2 = 0.30 %, |ZH
h3HRd
|2 = 0.0089 %, |ZHh3HRu |2 = 0.029 %
|ZH
h4ν˜ReR
|2 = 1.19 %, |ZH
h4ν˜RµR
|2 = 96.88 %, |ZH
h4ν˜RτR
|2 = 1.88 %, |ZH
h4HRd
|2 = 0.011 %, |ZHh4HRu |2 = 0.032 %
|ZH
h5ν˜ReR
|2 = 0.49 %, |ZH
h5ν˜RµR
|2 = 1.67 %, |ZH
h5ν˜RτR
|2 = 97.77 %, |ZH
h5HRd
|2 = 0.018 %, |ZHh5HRu |2 = 0.04 %
BR(h1 → bb) = 0.54, BR(h1 → ττ) = 0.0869, BR(h1 → WW ) = 0.209
BR(h1 → ZZ) = 0.0209, BR(h1 → γγ) = 0.00294, BR(h1 → gg) = 0.112
Γtoth1 = 2.93× 10−3
Table C.1.2: The same as in Table C.1.1, but for another benchmark point S1-R2.
S1-B1
λ = 0.1, κ = 0.072, vR/
√
2 = 367.55 (µ = 110.26, M = 52.92)
tan β = 26.90, Tλ = 322.89, −Tκ = 1.22, −Tu3 = 3138.11, MQ˜3L = 1903.57
mh1(ν˜
R
R ) = 47.98, mh2(ν˜RR ) = 49.27, mh3(ν˜RR ) = 51.25, mh4(HRu ) = 125.03
mh5(ν˜
R
τL) = 225.07, mh6(ν˜RµL) = 476.52, mh7(ν˜ReL) = 776.81, mh8(HRd ) = 3104.42
mA2(ν˜
I
R) = 36.26, mA3(ν˜IR) = 36.27, mA4(ν˜IR) = 37.66
mA5(ν˜
I
τL) = 225.07, mA6(ν˜IµL) = 476.52, mA7(ν˜IeL) = 776.81, mA8(HIu ) = 3104.36
mH−2 (τ˜L) = 236.94, mH−3 (µ˜L) = 482.31, mH−4 (e˜L) = 779.21
mH−5 (τ˜R) = 1002.44, mH−6 (µ˜R) = 1004.23, mH−7 (e˜R) = 1004.23, mH−8 (H
−
d ) = 3099.41
|ZH
h1ν˜ReR
|2 = 85.15 %, |ZH
h1ν˜RµR
|2 = 12.68 %, |ZH
h1ν˜RτR
|2 = 2.16 %, |ZH
h1HRd
|2 = 0.0005 %, |ZHh1HRu |2 = 0.0012 %
|ZH
h2ν˜ReR
|2 = 5.46 %, |ZH
h2ν˜RµR
|2 = 67.36 %, |ZH
h2ν˜RτR
|2 = 27.17 %, |ZH
h2HRd
|2 = 0.00083 %, |ZHh2HRu |2 = 0.002 %
|ZH
h3ν˜ReR
|2 = 9.37 %, |ZH
h3ν˜RµR
|2 = 19.94 %, |ZH
h3ν˜RτR
|2 = 70.65 %, |ZH
h3HRd
|2 = 0.0074 %, |ZHh3HRu |2 = 0.017 %
|ZH
h4ν˜ReR
|2 = 0.0066 %, |ZH
h4ν˜RµR
|2 = 0.0065 %, |ZH
h4ν˜RτR
|2 = 0.0065 %, |ZH
h4HRd
|2 = 0.14 %, |ZHh4HRu |2 = 99.84 %
BR(h4 → bb) = 0.41, BR(h4 → ττ) = 0.0854, BR(h4 → WW ) = 0.215
BR(h4 → ZZ) = 0.0234, BR(h4 → γγ) = 0.00243, BR(h4 → χ˜0χ˜0) = 0.15, BR(h4 → gg) = 0.093
Γtoth4 = 3.82× 10−3
Table C.1.3: The same as in Table C.1.1, but for a benchmark point S1-B1 with the
SM-like Higgs h4 not being the lightest scalar.
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S1-2h1
λ = 0.02, κ = 0.036, vR/
√
2 = 1799.28 (µ = 107.95, M = 129.54)
tan β = 32.54, Tλ = 60.70, −Tκ = 1.46, −Tu3 = 2632.61, mQ˜3L = 1604.33
mh1(ν˜
R
R ) = 119.69, mh2(ν˜RR ) = 122.54, mh3(HRu ) = 124.81, mh4(ν˜RR ) = 125.56
mh5(ν˜
R
τL) = 488.88, mh6(ν˜RµL) = 1034.75, mh7(ν˜ReL) = 1693.70, mh8(HRd ) = 3290.47
mA2(ν˜
I
R) = 87.95, mA3(ν˜IR) = 87.952, mA4(ν˜IR) = 88.75
mA5(ν˜
I
τL) = 488.88, mA6(ν˜IµL) = 1034.75, mA7(ν˜IeL) = 1693.70, mA8(HId ) = 3290.46
mH−2 (τ˜L) = 495.75, mH−3 (e˜R) = 1003.31, mH−4 (µ˜R) = 1003.31
mH−5 (τ˜R) = 1003.53, mH−6 (µ˜L) = 1038.37, mH−7 (e˜L) = 1695.31, mH−8 (H
−
d ) = 3291.45
|ZH
h1ν˜ReR
|2 = 99.24 %, |ZH
h1ν˜RµR
|2 = 0.44 %, |ZH
h1ν˜RτR
|2 = 0.1 %, |ZH
h1HRd
|2 = 0.000027 %, |ZHh1HRu |2 = 0.2 %
|ZH
h2ν˜ReR
|2 = 0.35 %, |ZH
h2ν˜RµR
|2 = 98.15 %, |ZH
h2ν˜RτR
|2 = 0.43 %, |ZH
h2HRd
|2 = 0.0005 %, |ZHh2HRu |2 = 1.04 %
|ZH
h3ν˜ReR
|2 = 0.061 %, |ZH
h3ν˜RµR
|2 = 0.25 %, |ZH
h3ν˜RτR
|2 = 28.56 %, |ZH
h3HRd
|2 = 0.07 %, |ZHh3HRu |2 = 71.00 %
|ZH
h4ν˜ReR
|2 = 0.34 %, |ZH
h4ν˜RµR
|2 = 1.15 %, |ZH
h4ν˜RτR
|2 = 70.89 %, |ZH
h4HRd
|2 = 0.03 %, |ZHh4HRu |2 = 27.58 %
BR(h1 → bb) = 0.186, BR(h1 → ττ) = 0.031, BR(h1 → WW ) = 0.39
BR(h1 → ZZ) = 0.0354, BR(h1 → γγ) = 0.00899, BR(h1 → gg) = 0.285
BR(h2 → bb) = 0.38, BR(h2 → ττ) = 0.063, BR(h2 → WW ) = 0.312
BR(h2 → ZZ) = 0.0315, BR(h2 → γγ) = 0.0049, BR(h2 → gg) = 0.171
BR(h3 → bb) = 0.49, BR(h3 → ττ) = 0.0813, BR(h3 → WW ) = 0.258
BR(h3 → ZZ) = 0.0279, BR(h3 → γγ) = 0.003, BR(h3 → gg) = 0.114
BR(h4 → bb) = 0.51, BR(h4 → ττ) = 0.0846, BR(h4 → WW ) = 0.250
BR(h4 → ZZ) = 0.0275, BR(h4 → γγ) = 0.00265, BR(h4 → gg) = 0.1
Γtoth1 = 2.32× 10−6, Γtoth2 = 2.09× 10−5, Γtoth3 = 2.18× 10−3, Γtoth4 = 10−3
Table C.1.4: The same as in Table C.1.1, but for a benchmark point S1-2h1 with several
singlet-like scalars h1,2,4 of masses close to the mass of the SM-like Higgs h3. Their branching
ratios are shown in the sixth-nineth boxes, and their decay widths in the tenth box.
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C.2 Scan 2 (0.2 ≤ λ < 0.5)
S2-R1
λ = 0.25, κ = 0.56, vR/
√
2 = 203.73 (µ = 152.79, M = 228.17)
tan β = 2.31, Tλ = 82.2, −Tκ = 0.56, −Tu3 = 1515, mQ˜3L = 1700
mh1(H
R
u ) = 125.17, mh2(ν˜RτL) = 159.82, mh3(ν˜RR ) = 227.54, mh4(ν˜RR ) = 232.34
mh5(ν˜
R
R ) = 239.13, mh6(ν˜RµL) = 340.90, mh7(HRd ) = 433.89, mh8(ν˜ReL) = 557.08
mA2(ν˜
I
R) = 91.61, mA3(ν˜IR) = 92.45, mA4(ν˜IR) = 110.37
mA5(ν˜
I
τL) = 159.82, mA6(ν˜IµL) = 340.90, mA7(HId ) = 424.37, mA8(ν˜IeL) = 557.08
mH−2 (τ˜L) = 173.21, mH−3 (µ˜L) = 346.13, mH−4 (H
−
d ) = 426.77
mH−5 (e˜L) = 558.46, mH−6 (τ˜R) = 1003.45, mH−7 (µ˜R) = 1003.51, mH−8 (e˜R) = 1003.51
|ZH
h1ν˜ReR
|2 = 2.85 %, |ZH
h1ν˜RµR
|2 = 2.76 %, |ZH
h1ν˜RτR
|2 = 2.68 %, |ZH
h1HRd
|2 = 19.36 %, |ZHh1HRu |2 = 72.32 %
|ZH
h3ν˜ReR
|2 = 84.34 %, |ZH
h3ν˜RµR
|2 = 12.37 %, |ZH
h3ν˜RτR
|2 = 2.44 %, |ZH
h3HRd
|2 = 0.016 %, |ZHh3HRu |2 = 0.83 %
|ZH
h4ν˜ReR
|2 = 4.50 %, |ZH
h4ν˜RµR
|2 = 66.66 %, |ZH
h4ν˜RτR
|2 = 27.59 %, |ZH
h4HRd
|2 = 0.03 %, |ZHh4HRu |2 = 1.20 %
|ZH
h5ν˜ReR
|2 = 6.88 %, |ZH
h5ν˜RµR
|2 = 16.70 %, |ZH
h5ν˜RτR
|2 = 65.72 %, |ZH
h5HRd
|2 = 0.4 %, |ZHh5HRu |2 = 10.29 %
BR(h1 → bb) = 0.5548, BR(h1 → ττ) = 0.0926, BR(h1 → WW ) = 0.219
BR(h1 → ZZ) = 0.0239, BR(h1 → γγ) = 0.00235, BR(h1 → gg) = 0.088
Γtoth1 = 3.48× 10−3
Table C.2.1: Benchmark point S2-R1 from scan S2, with the SM-like Higgs h1 being the
lightest scalar. Input parameters at the low scaleMEWSB are given in the first box, where we
also show for completeness µ = 3λvR/
√
2 andM = 2κvR/
√
2 since their values determine
Higgsino and right-handed neutrino masses. Scalar, pseudoscalar and charged Higgs masses
are shown in the second, third and fourth boxes, respectively. Scalar mass eigenstates are
denoted by h1,...,8, pseudoscalars by A2,...,8 and charged Higgses by H−2,...,8 associating the
first states to the Goldstone bosons eaten by the Z and W±. Their dominant composition
is written in brackets. For the case of the SM-like Higgs and singlet-like scalars their main
compositions are broken down in the fifth box. Relevant branching ratios for the SM-like
Higgs h1 are shown in the sixth box. Its decay width is shown in the seventh box. VEVs,
soft parameters, sparticle masses and decay widths are given in GeV.
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S2-R2
λ = 0.231, κ = 0.4, vR/
√
2 = 775.53 (µ = 537.44, M = 620.42)
tan β = 1.08, Tλ = 51.0, −Tκ = 31.93, −Tu3 = 1961.5, mQ˜3L = 1646.89
mh1(H
R
u ) = 125.08, mh2(ν˜RτL) = 280.48, mh3(ν˜RR ) = 598.58, mh4(ν˜RµL) = 609.21
mh5(ν˜
R
R ) = 613.25, mh6(ν˜RR ) = 693.20, mh7(HRd ) = 748.88, mh8(ν˜ReL) = 982.96
mA2(ν˜
I
R) = 279.06, mA3(ν˜IR) = 279.37, mA4(ν˜IτL) = 280.48
mA5(ν˜
I
R) = 283.94, mA6(ν˜IµL) = 609.21, mA7(HId ) = 744.60, mA8(ν˜IeL) = 982.96
mH−2 (τ˜L) = 282.95, mH−3 (µ˜L) = 614.07, mH−4 (H
−
d ) = 746.13
mH−5 (e˜L) = 981.86, mH−6 (τ˜R) = 1003.57, mH−7 (e˜R) = 1003.60, mH−8 (µ˜R) = 1003.60
|ZH
h1ν˜ReR
|2 = 0.40 %, |ZH
h1ν˜RµR
|2 = 0.33 %, |ZH
h1ν˜RτR
|2 = 0.27 % , |ZH
h1HRd
|2 = 46.66 %, |ZHh1HRu |2 = 52.33 %
|ZH
h3ν˜ReR
|2 = 66.18 %, |ZH
h3ν˜RµR
|2 = 30.21 %, |ZH
h3ν˜RτR
|2 = 3.6 %, |ZH
h3HRd
|2 = 0.0048 %, |ZHh3HRu |2 = 0.0055 %
|ZH
h5ν˜ReR
|2 = 5.53 %, |ZH
h5ν˜RµR
|2 = 37.14 %, |ZH
h5ν˜RτR
|2 = 57.3 %, |ZH
h5HRd
|2 = 0.0053 %, |ZHh5HRu |2 = 0.0059 %
|ZH
h6ν˜ReR
|2 = 27.87 %, |ZH
h6ν˜RµR
|2 = 32.29 %, |ZH
h6ν˜RτR
|2 = 38.80 %, |ZH
h6HRd
|2 = 0.70 %, |ZHh6HRu |2 = 0.31 %
BR(h1 → bb) = 0.497, BR(h1 → ττ) = 0.0827, BR(h1 → WW ) = 0.256
BR(h1 → ZZ) = 0.0279, BR(h1 → γγ) = 0.00293, BR(h1 → gg) = 0.109
Γtoth1 = 3.20× 10−3
Table C.2.2: The same as in Table C.2.1, but for another benchmark point S2-R2.
S2-B1
λ = 0.33, κ = 0.09, vR/
√
2 = 286.3 (µ = 283.44, M = 51.53)
tan β = 4.13, Tλ = 397.13, −Tκ = 3.06, −Tu3 = 1897.38 , MQ˜3L = 1093.36
mh1(ν˜
R
R ) = 87.99, mh2(ν˜RR ) = 90.62, mh3(ν˜RR ) = 91.29, mh4(HRu ) = 125.19
mh5(ν˜
R
τL) = 196.06, mh6(ν˜RµL) = 417.45, mh7(ν˜ReL) = 677.30, mh8(HRd ) = 1243.45
mA2(ν˜
I
R) = 71.61, mA3(ν˜IR) = 101.05, mA4(ν˜IR) = 101.18
mA5(ν˜
I
τL) = 196.06, mA6(ν˜IµL) = 417.45, mA7(ν˜IeL) = 677.30, mA8(HId ) = 1243.71
mH−2 (τ˜L) = 208.79, mH−3 (µ˜L) = 424.25, mH−4 (e˜L) = 680.79
mH−5 (τ˜R) = 1003.31, mH−6 (µ˜R) = 1003.36, mH−7 (e˜R) = 1003.36, mH−8 (H
−
d ) = 1234.29
|ZH
h1ν˜ReR
|2 = 45.80 %, |ZH
h1ν˜RµR
|2 = 30.89 %, |ZH
h1ν˜RτR
|2 = 22.40 %, |ZH
h1HRd
|2 = 0.68 %, |ZHh1HRu |2 = 0.21 %
|ZH
h2ν˜ReR
|2 = 50.35 %, |ZH
h2ν˜RµR
|2 = 44.31 %, |ZH
h2ν˜RτR
|2 = 5.30 %, |ZH
h2HRd
|2 = 0.0098 %, |ZHh2HRu |2 = 0.0071 %
|ZH
h3ν˜ReR
|2 = 3.55 %, |ZH
h3ν˜RµR
|2 = 24.28 %, |ZH
h3ν˜RτR
|2 = 71.95 %, |ZH
h3HRd
|2 = 0.008 %, |ZHh3HRu |2 = 0.0068 %
|ZH
h4ν˜ReR
|2 = 0.11 %, |ZH
h4ν˜RµR
|2 = 0.14 %, |ZH
h4ν˜RτR
|2 = 0.17 %, |ZH
h4HRd
|2 = 5.34 %, |ZHh4HRu |2 = 94.22 %
BR(h4 → bb) = 0.47, BR(h4 → ττ) = 0.0748, BR(h4 → WW ) = 0.248
BR(h4 → ZZ) = 0.0270, BR(h4 → γγ) = 0.00280, BR(h4 → χ˜0χ˜0) = 4.5× 10−2, BR(h4 → gg) = 0.106
Γtoth4 = 3.37× 10−3
Table C.2.3: The same as in Table C.2.1, but for a benchmark point S2-B1 with the
SM-like Higgs h4 not being the lightest scalar.
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S2-2h1
λ = 0.39, κ = 0.08, vR/
√
2 = 348.75 (µ = 408.03, M = 55.8)
tan β = 2.25, Tλ = 418, −Tκ = 0.52, −Tu3 = 294.42, mQ˜3L = 1433.3
mh1(H
R
u ) = 123.18, mh2(ν˜RR ) = 125.98, mh3(ν˜RR ) = 126.55, mh4(ν˜RR ) = 139.93
mh5(ν˜
R
τL) = 212.71, mh6(ν˜RµL) = 460.55, mh7(ν˜ReL) = 737.57, mh8(HRd ) = 1088.04
mA2(ν˜
I
R) = 77.24, mA3(ν˜IR) = 126.19, mA4(ν˜IR) = 126.41
mA5(ν˜
I
τL) = 212.71, mA6(ν˜IµL) = 460.55, mA7(ν˜IeL) = 737.57, mA8(HId ) = 1085.45
mH−2 (τ˜L) = 221.36, mH−3 (µ˜L) = 463.71, mH−4 (e˜L) = 737.61
mH−5 (τ˜R) = 1003.78, mH−6 (µ˜R) = 1003.81, mH−7 (e˜R) = 1003.81, mH−8 (H
−
d ) = 1083.20
|ZH
h1ν˜ReR
|2 = 5.53 %, |ZH
h1ν˜RµR
|2 = 1.71 %, |ZH
h1ν˜RτR
|2 = 0.3 %, |ZH
h1HRd
|2 = 14.03 %, |ZHh1HRu |2 = 78.40 %
|ZH
h2ν˜ReR
|2 = 59.00 %, |ZH
h2ν˜RµR
|2 = 36.82 %, |ZH
h2ν˜RτR
|2 = 3.26 %, |ZH
h2HRd
|2 = 0.14 %, |ZHh2HRu |2 = 0.76 %
|ZH
h3ν˜ReR
|2 = 5.54 %, |ZH
h3ν˜RµR
|2 = 30.15 %, |ZH
h3ν˜RτR
|2 = 63.54 %, |ZH
h3HRd
|2 = 0.12 %, |ZHh3HRu |2 = 0.63 %
|ZH
h4ν˜ReR
|2 = 29.73 %, |ZH
h4ν˜RµR
|2 = 31.13 %, |ZH
h4ν˜RτR
|2 = 32.70 %, |ZH
h4HRd
|2 = 2.65 %, |ZHh4HRu |2 = 3.77 %
BR(h1 → bb) = 0.487, BR(h1 → ττ) = 0.0798, BR(h1 → WW ) = 0.225
BR(h1 → ZZ) = 0.0231, BR(h1 → γγ) = 0.0030, BR(h1 → χ˜0χ˜0) = 0.0367, BR(h1 → gg) = 0.120
BR(h2 → bb) = 0.0133, BR(h2 → ττ) = 0.00218, BR(h2 → WW ) = 0.00791
BR(h2 → ZZ) = 0.00087, BR(h2 → γγ) = 0.000084, BR(h2 → χ˜0χ˜0) = 0.971, BR(h2 → gg) = 0.00324
BR(h3 → bb) = 0.0127, BR(h3 → ττ) = 0.00208, BR(h3 → WW ) = 0.00793
BR(h3 → ZZ) = 0.00089, BR(h3 → γγ) = 0.00008, BR(h3 → χ˜0χ˜0) = 0.972, BR(h3 → gg) = 0.00309
BR(h4 → bb) = 0.054, BR(h4 → ττ) = 0.0089, BR(h4 → WW ) = 0.0447
BR(h4 → ZZ) = 0.00588, BR(h4 → γγ) = 0.000115, BR(h4 → χ˜0χ˜0) = 0.88, BR(h4 → gg) = 0.00436
Γtoth1 = 2.74× 10−3, Γtoth2 = 1.05× 10−3, Γtoth3 = 9.22× 10−4 , Γtoth4 = 5.27× 10−3
Table C.2.4: The same as in Table C.2.1, but for a benchmark point S2-2h1 with several
singlet-like scalars h2,3,4 of masses close to the mass of the SM-like Higgs h1. Their branching
ratios are shown in the sixth-nineth boxes, and their decay widths in the tenth box.
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S2-2h2
λ = 0.37, κ = 0.103, vR/
√
2 = 299.91 (µ = 332.90, M = 61.78)
tan β = 1.68, Tλ = 256.62, −Tκ = 1.75, −Tu3 = 458.51, MQ˜3L = 1335.29
mh1(ν˜
R
R ) = 97.36, mh2(ν˜RR ) = 98.28, mh3(ν˜RR ) = 124.54, mh4(HRu ) = 125.46
mh5(ν˜
R
τL) = 190.28, mh6(ν˜RµL) = 415.06, mh7(ν˜ReL) = 663.87, mh8(HRd ) = 727.27
mA2(ν˜
I
R) = 88.63, mA3(ν˜IR) = 103.32, mA4(ν˜IR) = 103.65
mA5(ν˜
I
τL) = 190.28, mA6(ν˜IµL) = 415.06, mA7(ν˜IeL) = 663.87, mA8(HIu ) = 731.42
mH−2 (τ˜L) = 198.51, mH−3 (µ˜L) = 417.74, mH−4 (e˜L) = 664.57
mH−5 (H
−
d ) = 725.66, mH−6 (τ˜R) = 1003.00, mH−7 (µ˜R) = 1003.04, mH−8 (e˜R) = 1003.04
|ZH
h1ν˜ReR
|2 = 63.68 %, |ZH
h1ν˜RµR
|2 = 31.91 %, |ZH
h1ν˜RτR
|2 = 4.38 %, |ZH
h1HRd
|2 = 0.0025 %, |ZHh1HRu |2 = 0.001 %
|ZH
h2ν˜ReR
|2 = 4.53 %, |ZH
h2ν˜RµR
|2 = 34.80 %, |ZH
h2ν˜RτR
|2 = 60.64 %, |ZH
h2HRd
|2 = 0.0025 %, |ZHh2HRu |2 = 0.01 %
|ZH
h3ν˜ReR
|2 = 28.29 %, |ZH
h3ν˜RµR
|2 = 30.03 %, |ZH
h3ν˜RτR
|2 = 31.55 %, |ZH
h3HRd
|2 = 0.94 %, |ZHh3HRu |2 = 8.79 %
|ZH
h4ν˜ReR
|2 = 3.30 %, |ZH
h4ν˜RµR
|2 = 3.07 %, |ZH
h4ν˜RτR
|2 = 2.84 %, |ZH
h4HRd
|2 = 25.91 %, |ZHh4HRu |2 = 64.85 %
BR(h3 → bb) = 0.286, BR(h3 → ττ) = 0.0828, BR(h3 → WW ) = 0.251
BR(h3 → ZZ) = 0.0275, BR(h3 → γγ) = 0.00263, BR(h3 → χ˜0χ˜0) = 8.06× 10−4, BR(h3 → gg) = 0.1
BR(h4 → bb) = 0.51, BR(h4 → ττ) = 0.0469 BR(h4 → WW ) = 0.359
BR(h4 → ZZ) = 0.0384, BR(h4 → γγ) = 0.00602, BR(h4 → χ˜0χ˜0) = 2.9× 10−10, BR(h4 → gg) = 0.218
Γtoth3 = 2.01× 10−4, Γtoth4 = 3.13× 10−3
Table C.2.5: The same as in Table C.2.1, but for a benchmark point S2-2h2 with several
singlet-like scalars h1,2,3 of masses close to the mass of the SM-like Higgs h4. The branching
ratios of h4, and h3 which contributes significantly to the superposition of signals, are shown
in the sixth and seventh boxes, and their decay widths in the eight box.
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C.3 Scan 3 (0.5 ≤ λ < 1.2)
S3-R1
λ = 0.66, κ = 0.82, vR/
√
2 = 125.47 (µ = 248.43, M = 205.77)
tan β = 2.64, Tλ = 268.26, −Tκ = 1.00, −Tu3 = 234.54 , MQ˜3L = 759.27
mh1(ν˜
R
τL) = 121.92, mh2(HRu ) = 125.44, mh3(ν˜RR ) = 165.23, mh4(ν˜RR ) = 171.18
mh5(ν˜
R
µL) = 271.50, mh6(ν˜RR ) = 297.96, mh7(ν˜ReL) = 440.96, mh8(HRd ) = 1545.47
mA2(ν˜
I
R) = 115.08, mA3(ν˜IR) = 117.34, mA4(ν˜IτL) = 121.91
mA5(ν˜
I
R) = 198.37, mA6(ν˜IµL) = 271.50, mA7(ν˜IeL) = 440.96, mA8(HId ) = 622.33
mH−2 (τ˜L) = 144.18, mH−3 (µ˜L) = 278.88, mH−4 (e˜L) = 443.76
mH−5 (H
−
d ) = 586.40, mH−6 (µ˜R) = 1002.61, mH−7 (τ˜R) = 1002.64, mH−8 (e˜R) = 1002.64
|ZH
h2ν˜ReR
|2 = 2.44 %, |ZH
h2ν˜RµR
|2 = 3.01 %, |ZH
h2ν˜RτR
|2 = 3.22 %, |ZH
h2HRd
|2 = 10.64 %, |ZHh2HRu |2 = 80.67 %
|ZH
h3ν˜ReR
|2 = 58.89 %, |ZH
h3ν˜RµR
|2 = 37.56 %, |ZH
h3ν˜RτR
|2 = 3.47 %, |ZH
h3HRd
|2 = 0.05 %, |ZHh3HRu |2 = 0.019 %
|ZH
h4ν˜ReR
|2 = 5.48 %, |ZH
h4ν˜RµR
|2 = 29.15 %, |ZH
h4ν˜RτR
|2 = 65.30 %, |ZH
h4HRd
|2 = 0.042 %, |ZHh4HRu |2 = 0.0078 %
|ZH
h6ν˜ReR
|2 = 32.73 %, |ZH
h6ν˜RµR
|2 = 30.04 %, |ZH
h6ν˜RτR
|2 = 27.96 %, |ZH
h6HRd
|2 = 0.03 %, |ZHh6HRu |2 = 9.28 %
BR(h2 → bb) = 0.49, BR(h2 → ττ) = 0.0738, BR(h2 → WW ) = 0.263
BR(h2 → ZZ) = 0.0288, BR(h2 → γγ) = 0.00313, BR(h2 → gg) = 0.12
Γtoth2 = 3.02× 10−3
Table C.3.1: Benchmark point S3-R1 from scan S3, with the SM-like Higgs h2 being the
lightest scalar. Input parameters at the low scaleMEWSB are given in the first box, where we
also show for completeness µ = 3λvR/
√
2 andM = 2κvR/
√
2 since their values determine
Higgsino and right-handed neutrino masses. Scalar, pseudoscalar and charged Higgs masses
are shown in the second, third and fourth boxes, respectively. Scalar mass eigenstates are
denoted by h1,...,8, pseudoscalars by A2,...,8 and charged Higgses by H−2,...,8 associating the
first states to the Goldstone bosons eaten by the Z and W±. Their dominant composition
is written in brackets. For the case of the SM-like Higgs and singlet-like scalars their main
compositions are broken down in the fifth box. Relevant branching ratios for the SM-like
Higgs h2 are shown in the sixth box. Its decay width is shown in the seventh box. VEVs,
soft parameters, sparticle masses and decay widths are given in GeV.
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S3-B1
λ = 0.52, κ = 0.21, vR/
√
2 = 140.25 (µ = 218.79, M = 58.90)
tan β = 3.89, Tλ = 446.30, −Tκ = 0.15, MQ˜3L = 806.74, −Tu3 = 358.58 GeV
mh1(ν˜
R
R ) = 102.80, mh2(ν˜RR ) = 103.57, mh3(ν˜RR ) = 107.43, mh4(HRu ) = 125.30
mh5(ν˜
R
τL) = 138.25, mh6(ν˜RµL) = 293.04, mh7(ν˜ReL) = 475.63, mh8(HRd ) = 901.46
mA2(ν˜
I
R) = 89.92, mA3(ν˜IR) = 104.62, mA4(ν˜IR) = 105.02
mA5(ν˜
I
τL) = 138.25, mA6(ν˜IµL) = 293.04, mA7(ν˜IeL) = 475.63, mA8(HId ) = 903.92
mH−2 (τ˜L) = 155.71, mH−3 (µ˜L) = 301.67, mH−4 (e˜L) = 479.63
mH−5 (τ˜R) = 1002.8, mH−6 (µ˜R) = 1002.84, mH−7 (e˜R) = 1002.84, mH−8 (H
−
d ) = 1002.84
|ZH
h1ν˜ReR
|2 = 45.80 %, |ZH
h1ν˜RµR
|2 = 30.89 %, |ZH
h1ν˜RτR
|2 = 22.40 %, |ZH
h1HRd
|2 = 0.0032 %, |ZHh1HRu |2 = 0.21 %
|ZH
h2ν˜ReR
|2 = 5.22 %, |ZH
h2ν˜RµR
|2 = 40.47 %, |ZH
h2ν˜RτR
|2 = 54.24 %, |ZH
h2HRd
|2 = 0.0045 %, |ZHh2HRu |2 = 0.039 %
|ZH
h3ν˜ReR
|2 = 24.39 %, |ZH
h3ν˜RµR
|2 = 30.71 %, |ZH
h3ν˜RτR
|2 = 40.66 %, |ZH
h3HRd
|2 = 1.27 %, |ZHh3HRu |2 = 2.93 %
|ZH
h4ν˜ReR
|2 = 0.75 %, |ZH
h4ν˜RµR
|2 = 0.64 %, |ZH
h4ν˜RτR
|2 = 0.53 %, |ZH
h4HRd
|2 = 6.84 %, |ZHh4HRu |2 = 91.20 %
BR(h4 → bb) = 0.51, BR(h4 → ττ) = 0.0787, BR(h4 → WW ) = 0.228
BR(h4 → ZZ) = 0.0249, BR(h4 → γγ) = 0.00239, BR(h4 → χ˜0χ˜0) = 2.74× 10−2, BR(h4 → gg) = 0.1
Γtoth4 = 3.67× 10−3
Table C.3.2: The same as in Table. C.3.1, but for a benchmark point S3-B1 with the
SM-like Higgs h4 not being the lightest scalar.
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S3-2h1
λ = 0.5, κ = 0.23, vR/
√
2 = 109.35 (µ = 164.02, M = 50.3)
tan β = 3.48, Tλ = 309.70, −Tκ = 0.58, −Tu3 = 386.93, mQ˜3L = 1340.97
mh1(ν˜
R
R ) = 83.95, mh2(ν˜RτL) = 123.06, mh3(ν˜RR ) = 126.32, mh4(ν˜RR ) = 126.76
mh5(H
R
u ) = 127.48, mh6(ν˜RµL) = 260.06, mh7(ν˜ReL) = 423.60, mh8(HRd ) = 619.46
mA2(ν˜
I
R) = 101.28, mA3(ν˜IτL) = 123.06, mA4(ν˜IR) = 136.48
mA5(ν˜
I
R) = 136.87, mA6(ν˜IµL) = 260.67, mA7(ν˜IeL) = 423.67, mA8(HId ) = 622.49
mH−2 (τ˜L) = 141.29, mH−3 (µ˜L) = 269.37, mH−4 (e˜L) = 425.31
mH−5 (H
−
d ) = 601.69, mH−6 (τ˜R) = 1003.12, mH−7 (µ˜L) = 1003.19, mH−8 (e˜R) = 1003.19
|ZH
h1ν˜ReR
|2 = 32.12 %, |ZH
h1ν˜RµR
|2 = 31.73 %, |ZH
h1ν˜RτR
|2 = 31.34 %, |ZH
h1HRd
|2 = 4.78 %, |ZHh1HRu |2 = 1.42 %
|ZH
h3ν˜ReR
|2 = 62.64 %, |ZH
h3ν˜RµR
|2 = 31.89 %, |ZH
h3ν˜RτR
|2 = 5.07 %, |ZH
h3HRd
|2 = 0.027 %, |ZHh3HRu |2 = 0.361 %
|ZH
h4ν˜ReR
|2 = 3.73 %, |ZH
h4ν˜RµR
|2 = 34.82 %, |ZH
h4ν˜RτR
|2 = 60.92 %, |ZH
h4HRd
|2 = 0.035 %, |ZHh4HRu |2 = 0.49 %
|ZH
h5ν˜ReR
|2 = 0.058 %, |ZH
h5ν˜RµR
|2 = 0.10 %, |ZH
h5ν˜RτR
|2 = 1.20 %, |ZH
h5HRd
|2 = 6.19 %, |ZHh5HRu |2 = 92.45 %
BR(h1 → bb) = 0.858, BR(h1 → ττ) = 0.14, BR(h1 → WW ) = 3× 10−8
BR(h1 → ZZ) = 0.0, BR(h1 → γγ) = 0.000038, BR(h1 → χ˜0χ˜0) =1.2× 10−9, BR(h1 → gg) = 0.000324
BR(h3 → bb) = 0.00023, BR(h3 → ττ) = 0.000037, BR(h3 → WW ) = 0.00014
BR(h3 → ZZ) = 0.000016, BR(h3 → γγ) = 0.0000014, BR(h3 → χ˜0χ˜0) = 0.99, BR(h3 → gg) = 0.000058
BR(h4 → bb) = 0.000314, BR(h4 → ττ) = 0.000051, BR(h4 → WW ) = 0.000213
BR(h4 → ZZ) = 0.000024, BR(h4 → γγ) = 0.0000021, BR(h4 → χ˜0χ˜0) = 0.99, BR(h4 → gg) = 0.000082
BR(h5 → bb) = 0.37, BR(h5 → ττ) = 0.060, BR(h5 → WW ) = 0.293
BR(h5 → ZZ) = 0.0337, BR(h5 → γγ) = 0.00280, BR(h5 → χ˜0χ˜0) = 0.115, BR(h5 → gg) = 0.1
Γtoth1 = 7.85× 10−4, Γtoth3 = 2.58× 10−2, Γtoth4 = 2.42× 10−2, Γtoth5 = 3.64× 10−3
Table C.3.3: The same as in Table. C.3.1, but for the benchmark point S3-2h1 with
several singlet-like scalars h1,3,4 of masses close to the mass of the SM-like Higgs h5. Their
branching ratios are shown in the sixth-nineth boxes, and their decay widths in the tenth
box.
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S3-2h2
λ = 0.57, κ = 0.88, vR/
√
2 = 119.81 (µ = 204.87, M = 210.86)
tan β = 4.30, Tλ = 407.73, −Tκ = 237.76, −Tu3 = 1814.90, MQ˜3L = 776.67
mh1(ν˜
R
R ) = 126.32, mh2(HRu ) = 127.57, mh3(ν˜RτL) = 130.17, mh4(ν˜RR ) = 141.17
mh5(ν˜
R
R ) = 147.73, mh6(ν˜RµL) = 266.90, mh7(ν˜ReL) = 435.57, mh8(HRd ) = 896.77
mA2(ν˜
I
τL) = 130.17, mA3(ν˜IµL) = 266.90, mA4(ν˜IR) = 306.44
mA5(ν˜
I
R) = 306.59, mA6(ν˜IR) = 314.75, mA7(ν˜IeL) = 435.57, mA8(HId ) = 892.60
mH−2 (τ˜L) = 144.78, mH−3 (µ˜L) = 274.71, mH−4 (e˜L) = 439.38
mH−5 (H
−
d ) = 863.35, mH−6 (µ˜R) = 1002.71, mH−7 (τ˜R) = 1002.76, mH−8 (e˜R) = 1002.76
|ZH
h1ν˜ReR
|2 = 44.66 %, |ZH
h1ν˜RµR
|2 = 18.82 %, |ZH
h1ν˜RτR
|2 = 10.25 %, |ZH
h1HRd
|2 = 0.17 %, |ZHh1HRu |2 = 26.08 %
|ZH
h2ν˜ReR
|2 = 12.27 %, |ZH
h2ν˜RµR
|2 = 6.54 %, |ZH
h2ν˜RτR
|2 = 4.49 %, |ZH
h2HRd
|2 = 7.69 %, |ZHh2HRu |2 = 69.00 %
|ZH
h4ν˜ReR
|2 = 39.08 %, |ZH
h4ν˜RµR
|2 = 55.00 %, |ZH
h4ν˜RτR
|2 = 5.68 %, |ZH
h4HRd
|2 = 0.099 %, |ZHh4HRu |2 = 0.13 %
|ZH
h5ν˜ReR
|2 = 2.88 %, |ZH
h5ν˜RµR
|2 = 18.52 %, |ZH
h5ν˜RτR
|2 = 78.44 %, |ZH
h5HRd
|2 = 0.064 %, |ZHh5HRu |2 = 0.092 %
BR(h1 → bb) = 0.127, BR(h1 → ττ) = 0.019, BR(h1 → WW ) = 0.51
BR(h1 → ZZ) = 0.0572, BR(h1 → γγ) = 0.00852, BR(h1 → gg) = 0.226
BR(h2 → bb) = 0.615, BR(h2 → ττ) = 0.0933, BR(h2 → WW ) = 0.195
BR(h2 → ZZ) = 0.0225, BR(h2 → γγ) = 0.00155, BR(h2 → gg) = 0.0577
Γtoth1 = 4.47× 10−4, Γtoth2 = 4.27× 10−3
Table C.3.4: The same as in Table. C.3.1, but for the benchmark point S3-2h2 with several
singlet-like scalars h1,4,5 of masses close to the mass of the SM-like Higgs h2. the branching
ratios of h2, and h1 which contributes to the superposition of signals, are shown in the sixth
and seventh boxes, and their decay widths in the eight box.
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